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ABSTRACT

Analyses of the content and isotopic composition of xenon and
krypton in terrestiral ores containing tellurium, selenium or iodine res ulted in the following conclusions:

1. The double beta-decay half-life for 130Te is 2.51 x 1021
years from analysis of tellurobismuthite from Boliden,
Sweden and 2.83 x 1021 years from analysis of tellurides from Kalgoorlie, Australia.
2. The ratio of the double beta-decay half-life of 128Te
relative to that of 130Te is > 108 and> 293 for Boliden
tellurobismuthite and Kalgoorlie tellurides, respecti vely.
3. Selenium minerals and tellurium ores containing selenium exhibit 82Kr excess attributed to the double
beta-decay of 82se.

Preliminary half -life value for

this decay is (2-4)1020 years.
4. The formation of excesses of 129xe and 13lxe in tellurium ores and excess 83Kr in selenium ores result
from nuclear reactions on tellurium and selenium,
respectively.
5. The excess 129xe in iodyrite (silver iodide) is from
the in situ decay of 129r incorporated in the ore during
its formation.

From the observed isotopic composi-

tion of xenon, it is calculated that prior to the nuclear

lV

age, the equilibrium ratio of 129r;l27r was between
2.2 x 10-15 and 3.3 x 10-15.
6. Measurements of the 130xe, formed from the decay
of 13 OTe, and the tellurium content allow the age
determination of hydrothermal deposits of tellurium
by the 130Te-130xe dating method.

The ages of three

telluride samples obtained by this new dating technique agree with geologic age estimates.
Application of the neutron irradiation method of 129r_l29xe dating
to chondrules and matrix of Bjurbole meteorite reveal the following:

1. The 129r jl2 7 ratios incorporated in the Bj urbole chondrules and matrix are identical thereby indicating that
these fractions are contemporaneous within ± 1. 5 x 106
years.
2. The method of 129r_l29xe age determination by the
neutron irradiation method is dependent on the intensity of the neutron flux.

The release pattern of iodine-

correlated 129xe is altered for all extraction temperatures by the use of high neutron flux.
The relative fission yields from the spontaneous fission of 252cf
for krypton and xenon isotopes are 83Kr :84Kr :85Kr :86Kr )3l:Xe )32Xe:
134xe)36xe

= 0.010:0.017:0

0049:0.032:0.35:0.52:0.92::1.000.

A compar-

ison of these results with the spontaneous fission yields of other actinides suggests that the enrichment observed in the heavy xenon isotopes

v

of primitive chondrites might arise from the spontaneous fission of a
superheavy element.

The alternate possibility of simple mass depend-

ent fractionation causing this enrichment in the heavy xenon isotopes is
examined through a review of the helium, neon and argon isotope data
obtained for carbonaceous chondrites.

This study reveals that mass

fractionation effects are prominent in altering the is atopic ratios of individual noble gases and the total abundance pattern of these gases in
carbonaceous chondrites.
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INTRODUCTION

This dissertation primarily deals with the study of noble gases
contained in terrestrial and meteoritic samples.

The isotopic compo-

sition of noble gases in terrestrial and extraterrestrial material contains a record of many events in the chronology of the solar system.
The inventory of noble gases associated with the earth or with meteorites is highly depleted relative to cosmic abundances.

Therefore,

the production of very small quantities of noble gas isotopes in terrestrial and meteoritic material by nuclear decay or nuclear reactions
may register as distinctly observable isotope anomalies.

Further,

noble gases are well suited for these investigations because they are
chemically inert and thus can be separated from other elements easily.
The use of high sensitivity noble gas mass spectrometry with detectability limits of 106-10 7 atoms greatly facilitates these studies.
The research work reported here is divided into three parts.
The study of terrestrial samples is dealt 1n Part I and followed by the
investigations of meteoritic samples in Part II.

Part III contains the

results obtained for the xenon and krypton yields from the spontaneous
fission of 252c£.

The salient points of each part are briefly described

in the following paragraphs.
Part I consists of four papers dealing with the isotopic composition of the heavy noble gases in terrestrial ores which are enriched
in tellurium, iodine, cesium or selenium.

The first two papers
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presented in Part I are primarily concerned with the isotopic anomalies
of xenon which occur in tellurium ores.

The manuscript on xenon iso-

topes in tellurobismuthite from Boliden, Sweden (Part I. A) presents the
results of analyses on four samples of tellurobismuthite, one sample of
pyrite from the same mine as the tellurobismuthite, and two samples
of pollucite, a cesium-rich mineral.

The results of this study show

that the excess 129xe and excess 13lxe in tellurium ores are from nuclear reactions on tellurium and that the excess 128xe and excess 130xe
in tellurium ores are due to the double beta decay of 128Te and 130Te,
respectively.

The manuscript in Part I. A has been submitted to the

Journal of Inorganic and Nuclear Chemistry.

The manuscript in

Part I. B presents the results of xenon measurements in four other tellurides and suggests a new dating technique for hydrothermal deposits
based on the 130Te([3_[3_)130xe process.

The results of this study,

which have been communicated to Economic Geology, demonstrate that
ages calculated by the 130Te-130xe method are in good agreement with
geologic age estimates.
Studies of the isotopic composition of krypton in tellurobismuthite samples from Boliden, Sweden and umangite sample ( a selenium mineral) from Habri, W. Moravia, clearly show the presence of
excess 82Kr from the double beta-decay of 82se.

Half-life for the

82se{[3_[3_)82Kr process is calculated from these measurements and
from the selenium content of these samples.

The manuscript communi-

cated to Earth and Planetary Science Letters reporting these results

3

is included in Part I. C.
Identification of 129xe anomalies in other terrestrial ores has
been carried out from analyses of two samples of iodyrite (silver
iodide) from Broken Hill, New South Wales, Australia.

The results of

these analyses revealing the presence of radiogenic 129xe from the in
situ decay of 129I help to establish the equilibrium ratio of 129Ijl27I
prior to the nuclear age.

The manuscript in Part I. D reporting these

results has already been published in Science.
The first two papers presented in Part II of the dissertation are
based on the work of determining the 129I_l29xe ages of the chondrules
and matrix material of Bjurbole meteorite.

The manuscript in Part

II. A, which is to be published in Icarus, contains a short review of the
method of 129I_l29xe age dating.

It also discusses the experimental

evidence obtained on possible effects of radiation in the 129I_l29xe
dating of meteorites by neutron irradiation.

The manuscript in

Part II. B deals with the 129I_l29xe dating of separated portions of
chondrules and matrix material of Bjurbole meteorite.

The results

demonstrate that the chondrules and matrix material of the Bjurbole
meteorite have started retaining radiogenic 129xe at about the same
time after the end of nucleosynthesis.
The manuscript in Part II. C concerns the production of anomalies of the light noble gases in carbonaceous chondrites by isotopic
mass fractionation.

This study corroborates the role of mass fraction-

ation in producing "fission-like" enrichments of the heavy xenon

4

isotopes in this class of meteorites.

The paper is to appear in Earth

and Planetary Science Letters.
Towards a better understanding of the fissiogenic xenon and
krypton isotopes in meteorites and terrestrial samples, a program to
study the relative yields of xenon and krypton isotopes in the spontaneous fis sian of trans uranium elements has been initiated.

The study is

complete for 252cf and 244cm and the xenon and krypton yields from
the spontaneous fis sian of 252cf are given in the manuscript in Part
III. A which appeared in Physical Review.

5

PART I

6

A.

XENON ISOTOPES IN TELLUROBISMUTHITE,
BOLIDEN, SWEDEN

Manuscript submitted to Journal of Inorganic and
Nuclear Chemistry

7

ABSTRACT

The isotopic composition of xenon is reported in four different
samples of tellurobismuthite, Boliden, Sweden, of varying tellurium
content.

It is observed that excesses of 129xe, BOxe, and Blxe, vary

proportionately to the content of tellurium in the sam.ples.

The half-

life for double beta decay of BOTe is calculated to be 2. 51 x 1021 years,
and the half-life for the double beta decay of 128Te is estimated to be
greater than 2. 7 x 1023 years.

It is shown that solar neutrino induced

reactions on 128Te and BOTe do not contribute significantly to the
observed excesses of 128Te and BOxe.

The isotopic composition of

xenon in a pyrite sample from the Boliden mine and in two samples of
the cesium-rich mineral, pollucite, are used to examine previous
hypotheses for the origin of excess 129xe and excess Blxe in tellurium
ores.

It is shown that these two xenon isotopes are produced in situ

by nuclear reactions on tellurium.
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INTRODUCTION

Experimental verification for occurrence of the double beta (f3f3)
decay process has been sought for a long time by direct means like
coincidence counting and track detection in photographic emulsions and
by indirect means like the measurement of accumulated end products
[1].

Theoretical estimates of the half-life for f3f3-decay processes are

very long and vary by orders of magnitude depending upon whether the
estimate is made for a neutrinoless mode (Majorana theory) or for
decay accompanied by two neutrinos (Dirac theory).

For example, the

half-life estimated for the f3f3-decay of BOTe to yield BOxe is
8 x 1015 ± 2 years if the decay does not involve neutrinos and
2 x 1021 ± 2 years if the decay involves the emission of two neutrinos
[1].

Since the half-lives involved are very long, it will be advantage-

ous to study geologically old samples where the end products have been
accumulating to measurable amounts during the lifetime of the ore or
mineral.
With the advent of high sensitivity noble gas isotope mass spectrometry, experiments have been concentrated on those f3f3-decaying
nuclides which give rise to noble gas isotopes as end products.

In

particular, many geologically old tellurium minerals have been analyzed for their xenon content to obtain evidence for the occurrence of
the following process [2-9],
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In these studies there was a clear indication of an excess amount of
130xe which could be attributed to the occurrence of the 1313-decay process but could not be accounted for by any other nuclear reactions.
Inghram and Reynolds [2] first reported a measurable excess
of 130xe in the xenon extracted from a tellurobis:muthite mineral from
Boliden, Sweden.

From this they could calculate the half-life for the

1313-decay of 130Te to be 1.4 x 10 2 1 years.

Other tellurium ores have

been analyzed for xenon and the half-life estimates for the 1313-decay of
130Te are as follows:
native tellurium, tiJ
ti] g

= {2.

tetradymite, ti)g

2 = 1021. 34 ±

= {8. 20

± 0. 64)1020 years [3]

0. 12 years [ 8] ; and lead telluride,

03 ± 0. 3 0}10 2 1 years [ 9] .

Thus there is good agreement

among the half-life values obtained from different tellurium ores,
which suggests that a single process {1313-decay) is responsible for the
observed excess of 130xe.

In addition to excess 130xe, all the tel-

lurium ores and minerals [2-9] analyzed to date always showed appreciable excesses of 129xe and 13lxe.

However, the ratios of excess

130xe to excess 129xe and excess 13lxe were not identical in the different ores.

In an analysis of a native tellurium ore from Good Hope

Mine, Colorado, Kirsten et al. [4, 8] reported a huge excess of 130 xe
accompanied by only small excesses of 129xe and 13lxe.

Although

several mechanisms for the generation of excess 12 9xe and excess
13lxe have been proposed, there is at present no agreernent among
the different investigators on the origin of these two xenon isotopes in
tellurium ores.
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Inghram and Reynolds [2] suggested that the excesses of 129xe
and l3lxe in the Boliden tellurobismuthite was probably caused by (n,y)
reactions on 12 8Te and BOTe, respectively.

Purely on the basis of

thermal neutron capture cross sections and isotope abundance data,
the ratio of excess ( 12 9xefl3lxe) should be ~ 0. 6.

The experimental

value reported by Inghram and Reynolds was ;:::: 3. 0, and they suggested
that 12 9xe was also produced by the decay of small amounts of 129I
present in the mineral [2].

Kirsten et al. [5] reported a reinvestiga-

tion of xenon in the Boliden ore.

In order to explain the observed ex-

cess of 129xe and l3lxe, they proposed that "The l3lxe excess and
part of the 129xe excess result from n-capture and subsequent decay of
128Te and BOTe.

The remaining part of the l30xe excess and the high

U _l36xe age give evidence for a higher neutron flux before the last
cooling of the ore.

The tellurium was probably associated with much

more uranium than now.
this uranium occurred.

Before 0. 54 x 109 years, differentiation of
Moreover, He and Ar but not all of the Xe

were removed at this time.

After cooling, the 1 2 9xe excess was

formed by the decay of the long-lived l29I which had been formed from
(n,y) reactions on 128Te by the higher neutron flux" [5].
An altogether different view was advanced by Takagi et al. [10]
to account for the excess 129xe and excess l3lxe.

They attempted to

explain quantitatively the observed ratio of 129xefl3lxe in two different
tellurium ores, Boliden tellurobismuthite and Oya tetradymite, by
negative muons and their secondary neutrons.
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In an attempt to better understand the xenon contained in tellurobismuthite from Boliden, Sweden, we report here the isotopic
composition of xenon extracted from four different samples of this ore.
Also included are the results of an analysis of pyrite from the same
rnine which was analyzed to see if the excess 1Z9xe and excess 13lxe
found in the tellurium ores could be associated with a mineral not containing tellurium.

Further, the xenon isotope data from analyses of

two samples of pollucite, a cesium n1ineral, are presented.

Analyses

of these samples were undertaken to search for evidence of xenon isotopes produced by negative muon reactions on cesium [ll].

EXPERIMENTAL

Tellur obismuthite Sample
Dr. Erland Grip of Boliden Mining Company, Boliden, Sweden,
supplied approximately 100 g of tellurobismuthite mineral.

After hand-

picking out shiny flakes, believed to be rich in tellurobismuthite, a
part of the sample was crushed in a mortar and pestle and divided into
the following three fractions:
1. Magnetic fraction {separated by hand magnet) of size
-50 to

+zoo

mesh

Z. Nonmagnetic fraction of size -50 to

+zoo

mesh

3. Nonmagnetic fraction of s1ze -ZOO mesh; there was
no magnetic fraction present 1n this size fraction.
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The amount of sample used for noble gas analysis and the tellurium content of each of these samples are shown in Table l.
Pyrite Sample
The pyrite sample was also from the Boliden Mine and was
supplied by Dr. Erland Grip.

A sample weighing l. 044 g was used for

noble gas analysis.
Pollucite Samples
Two samples of pollucite, a cesium mineral, were purchased
from the Southwest Scientific Company, Montana.

One of the samples

was from Motoko district in South Rhodesia and the second sample was
from Bernie Lake, Manitoba, Canada.

Samples weighing 0. 4914 g of

the pollucite from South Rhodesia and 0. 4950 g of the pollucite from
Canada, were used for our analyses.
Noble Gas Analysis
The samples were mounted 1n different sidearm chambers of a
gas extraction bottle and the pressure reduced to::::: 10-8 torr.

For gas

extraction, each sample was dropped into a previously outgassed molybdenum crucible contained in the extraction bottle, and the crucible
was then heated to ::::: 1600°C for 30 minutes by induction heating.

The

temperature of the crucible was measured using an optical pyrometer.
The evolved gases were cleaned on titanium foil at 850°C and on coppercopper oxide at 550°C.

After this preliminary scrubbing, both the tita-

nium and copper-copper oxide furnaces were cooled, and the noble
gases were transferred to a second clean-up system by adsorption on
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a charcoal finger cooled by liquid nitrogen.

The second clean-up of the

noble gases was achieved by heating the charcoal finger to
exposing the gases to another titanium foil at 850°C.
helium were not analyzed.
and xenon were determined.

~

200°C and

Argon, neon and

The isotopic composition of both krypton
However, the results pertaining to xenon

alone are presented in this paper.

Air spikes containing about 0. 01 cc

STP air were analyzed before and after the samples to obtain the sensitivity and mass dis crimination of the mass spectrometer.
The concentration of xenon was measured by the peak height
method.

The variation in the sensitivity of the mass spectrometer for

xenon in these analyses was found to be a maximum of ~ 13o/o as seen
from the values for two air spikes.

However, it is appropriate to

mention that variations as large as 25o/o have been observed by us in
our earlier work.

The errors on the isotopic ratios represent one

standard deviation (<Y) from the least squares line through the observed
ratios plotted as a function of time.

The detailed procedure and the

method of data reduction have been reported elsewhere

[12].

Tellurium Analysis
Samples varying in weight from 20. 9 mg to 53. 8 mg were used
for the determination of tellurium by atomic absorption.

After dis-

solving the sample 1n ~ 5 ml of aqua regia, the solutions were diluted
to 25 ml.

Suitable dilutions were performed with these solutions for

measurement.

Standard solutions of tellurium were prepared by dis-

solving reagent grade Te0 2 in aqua regia and diluting to produce
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tellurium concentrations of 10, 20, 40, 60, 80 and 100 ppm.

The

standard solutions were used to define the absorbancy curve in the
usual manner.

From our earlier experience on the determination of

tellurium by the atomic absorption method [ 9] , we estimate that the
results are reproducible to ±

So/a.

The tellurium contents of the sam-

ples are shown in Table l.

RESULTS

Tellurobismuthite, Boliden, Sweden
The isotopic composition of xenon and the concentration of 132xe
obtained from the four samples of tellurobismuthite are shown in
Table 2.

The is atopic compos it ion of atmospheric xenon [13] is also

included for comparison.

The isotopic composition reported is for the

xenon isotopes of mass numbers 128, 129, 130, 131, 132, 134 and 136.
The data for the two less abundant isotopes, 124 and 126, are not included in the table since the signals recorded for these two isotopes
were only slightly above the noise level and too small to be meaningful.
The isotopic composition of xenon in all these samples is very
different from that of atmospheric xenon.

To separate the xenon com-

ponents, we assume that the heavier isotopes 132xe, l34xe and 136 xc
consist of a mixture of a fission component from the spontaneous fission of 238u and an atmospheric component.

With this assumption,

the fraction of 132xe due to spontaneous fission, (132xe}s. f./(132xe} 0 bs.
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can be expressed by the following equation:

(l32xe)

s. f.

/(l32xe)

obs.

=
( l)

- ( 13 6xe/l3 2 xe) atmos.

where the subscripts s.f., obs., and atmos. represent spontaneous
fission,

observed and atmosphere, respectively.

Since the ratios on

the right hand side of equation ( 1) are either measured or known values,
the fraction of 132 xe formed from the spontaneous fission of 238u can
be calculated.

The fission contribution to l3lxe, l34xe and l36xe can

be calculated from known yields of xenon isotopes in the spontaneous
fission of 238u.

The following yields for 238u are used (14] :

l3lxe::: 0. 35%, l32xe

= 2. 81%,

l34xe

= 3. 94%

and l36xe = 4. 58%.

The fission contributions to 12 9xe and l3 Oxe are negligible
s1nce 129xe is formed with very small yield (0. 012%) and l30xe is
shielded by 130Te.

After subtracting the fission component from the

observed values, the remaining 132xe is assumed to be atmospheric.
A correction for atmospheric contamination is then applied across all
the other xenon isotopes, based on the amount of l32xe.

Table 3 shows

the results obtained after subtraction of both fission and atmospheric
components.

These resulcs clearly show that there are definite ex-

cesses of 129xe, 130xe and l3lxe in all cases, and there is an excess
of 128xe in the tellurium-rich sample, 25.1B.

The observed values of

132xe, 134xe and 136xe are quantitatively accounted for by a two
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component mixture comprising xenon from the atmosphere and xenon
from the spontaneous fission of 238u.

Therefore, any contribution

from the neutron induced fission of 235u is only of minor importance.
The amount of excesses of l28xe, 129xe, 130xe and 13lxe are
plotted as a function of tellurium concentration in Fig. l.

From the

figure it is seen that there is a proportionate increase 1n the amount
of 129Xe, 13 Oxe and 13lxe with increasing tellurium concentration, and
excess l28xe is clearly detectable in the tellurium-rich sample 25.1B.
The other three samples of tellurium do not exhibit such a clear excess of 128xe.
Pyrite, Boliden, Sweden
To check whether the high concentrations of excess 129xe and
13lxe, as well as the anomalously high ratio for ( 129xe ;131 X e) excess,
are associated with other minerals containing only trace quantities of
tellurium, we analyzed a sample of pyrite from the same mine.
Table 4 shows the isotopic composition of xenon obtained from the
pyrite sample.

The resultant after subtraction of atmospheric com-

ponent and a spontaneous fission component {due to 238u) is also shown
in the table.

We note that there is a small excess of 128xe, 129xe,

130xe and 13lxe, but the anon1alies are much smaller in the pyrite
(Table 4) than in any of the tellurium samples (Table 3).

The ratio of

(129xe j13lxe )excess observed in the pyrite sample is calculated to be

1.5 ± 0.6.
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Pollucite
As stated in the introduction, two pollucite samples were
analyzed with a view to obtain evidence for the occurrence of muon
induced reactions on cesium giving rise to xenon isotopes.

The iso-

topic composition of xenon obtained from analyses of the two pollucite
samples is shown in Table 5.

The isotopic ratios are normalized to

13 °xe (the fis sian shielded isotope) since no anomalous 13 Oxe from

f3f3-

decay of 13°Te is expected to be present in the pollucite samples.
Table 5 also contains the data on the isotopic composition of xenon after
corrections are made in the observed ratios for an atmospheric component and a spontaneous fis sian component from Z38u.

For sample

97 A, excesses are observed for 129xe, 13lxe and 132xe corresponding
to volumes of::::: 1 x lo-13 cc STP/g, ::::: 2 x lo-13 cc STP/g and::::: 1 x lo-13
cc STP/g, respectively.

For sample 96A, the excesses observed for

all isotopes other than 128xe are within the limits of experimental
error.

DISCUSSION

130xe and 128xe Excesses
Half-life determination:

From Table 3 it 1s noted that there is

a clear excess of 13 Oxe in all the samples.

Fig. 1 illustrates that the

amount of 13 Oxe excess increases proportionately with increasing tellurium concentration.

It has been noted by other investigators [3 -5, 8}
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that the excess 130xe obtained in tellurium minerals, after applying
corrections for atmospheric and 238u spontaneous fission components,
is the product of [3[3 -decay of 13 OTe and cannot be explained by the
occurrence of other nuclear reactions.

Among the nuclear reactions

considered for the production of 130xe were the fast neutron induced
fission of 238u, spallation reactions, negative muon reactions, the
128Te(o:, 2n)l30xe reaction, and neutron-induced reactions on trace elements such as the exoergic 133cs(n, a:)l30r(f3-)130xe reaction.

However,

there is at present no evidence that the 130xe excess in tellurium ores
is caused by any reaction other than the [3[3-decay of 130Te.

Therefore,

we can directly proceed to estimate the half-life for the [3[3-decay process from the amounts of excess 130xe, the tellurium contents and the
age of the ore.

Inghram and Reynolds [2] assumed an age of 1. 5 x 109

years for the Boliden tellurobismuthite whereas Kirsten et al. [5] used
an age of 0. 54 x 109 years estimated from the K-Ar and U -He methods.
However, Kirsten et al. [5] report that the U _136xe age of this ore is

1. 56 x 109 years and we choose this age to estimate the half-life of
130Te for the following reason.

Since both 130Te and Z38u decay to

produce xenon, gas loss over geologic time is expected to alter in a
similar manner the parent-daughter relationship for these two radioactive nuclei, whereas the lighter noble gas products, helium and
argon, may have been selectively lost from the ore, thereby giving
smaller values for the age.
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Using the value of 1. 56 x 109 years as the age of the sample,
the half-life for the [3[3-decay of BOTe to produce BOxe can be calculated from the equation,

(2}
where

ti]~ = half-life for [3[3-decay of BOTe
t

=

age of the ore (1. 56 x 109 years}

130 re

=

number of atoms of l30Te/g sample

l30rxe

= number of aton1s of excess (or radiogenic} l30xe/g
sample

Table 6 summarizes the values obtained for the [3[3-decay halflife of BOTe from the four samples analyzed by us.

Table 6 also in-

cludes for comparison other estimates of the half-life of BOre from
analyses of Boliden tellurobismuthite and other tellurium ores.

The

half-life shown for all Boliden samples has been recalculated for an
ore age of l. 56 x 109 years.

The average half-life from our measure-

ments is 2. 51 x 1021 years in good agreement with the values obtained
by previous investigators.

However, if the age of ore is 0. 54 x 109

years, as assumed by Kirsten et al. [5] , the half-life value reported
above should be divided by a factor of 2. 89.
From Fig. 1 it appears that the excess 128xe correlates with
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the tellurium content of the Boliden tellurobismuthite samples.

Due to

the presence of excess 128xe in the pyrite and in one of the pollucite
samples, we cannot conclude unambiguously from Fig. 1 that the excess 12 8xe results from tellurium.

However, the f3f3-decay of 12 8Te

is exoergic by 0. 9 Mev, and lower limits on the half-life for this decay
have been estimated from previous measurements of the 128xe in tellurium ores [3, 4, 9) .

The lower limit for the f3f3-decay of 128Te as

reported by Alexander et al. [ 9) , t 1 ; 2

> 1. 2

x 1023 years, is the highest

value estimated to date.
Using the ratio of excess 12 8xe to excess 130xe in sample
25.1B (Table 3), a minimum half-life for the decay of 128Te can be calculated from the following relationship,

(3)

For sample 25.1B, we obtained tiJ~ = 2. 69 x 1021 years and the ratio,
(130rxe/1 28 rxe)

= 107,

which yields ti7~ > 2. 7 x 10 23 years if the tel-

lurium is of normal isotopic composition.
Solar neutrino induced reaction:

In the preceding section, we

have calculated the half-life for the f3f3-decay of 130Te and 128Te
assuming that the excess 130xe and excess 128xe are derived from
f3f3-decay.

However, the contribution from solar neutrino induced

have not been previously considered.
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One of the experiments for the detection of solar neutrino induced reactions is through the process, 3 7 Cl{v, e -)3 7 Ar.

For this

reaction, Davis et al. [15] reported an upper limit on the product of
the neutrino flux and the cross section for all sources of neutrinos to
be 3 x 10-36 sec-1 per 37cl atom.

The reaction 37cl{v, e-)37Ar is

endoergic {Q = -0. 81 Mev) and neutrinos above this energy could cause
the reaction.

The reactions 13 OTe{v, e -)13 Or and 128Te{v, e-)1281 are

endoergic by 0. 45 Mev and 1. 27 Mev, respectively.

Calculations for

the production of l30xe and l28xe by neutrino induced reactions on tellurium can be made if the energy spectrum of the solar neutrino flux
and the cross section values at different energies are known.

In ab-

sence of such experimental data, we assume that the product of neutrino flux and cross section is the same for the 37cl, BOTe and l28Te
reactions with neutrinos.
number,

i_,

The total number of xenon atoms of mass

formed by the reaction iTe{v, e-)ii(r3-)iXe, in any of the

four samples could be calculated from the following equation:

i Xe

=

1T

e ( o-

4>)

kt

where
ixe

=

total number of atoms of xenon of mass number, i,
formed by the neutrino induced reaction/ g sample

iTe

= total number of atoms of iTe I g sample

{4)
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{u-<j>)

=

(cross section x neutrino flux).

This is assumed to

be the same as that obtained for the 37cl{v, e-)37Ar
reaction

k

=

fraction of the atoms of 11 that decay to

t

=

age of the ore

1 Xe

We calculate that 110 atoms of 13Uxe and 98 atoms of 128xe
would be formed by neutrino induced reaction in a gram sample of
25.1B.

This corresponds to 3.5 x 10-3% of the excess 128xe and to

only 3. 7 x 10-5% of the excess 130 xe in this tellurium sample.

Thus,

it appears that only a negligible fraction of the excess 130xe and 128xe
in telluriun1 ores n1ay be due to neutrino induced reactions.

However,

due to the different energy requirements for the neutrino reactions on
37cl, BOTe and 128Te, our assumption of equivalent values for the
product of the cross section times the flux (u-<\>) may be in error.
Bahcall [16] calculates that the neutrino capture probability by 3 7 Cl
rises from a threshold probability of zero for a 0. 81 Mev neutrino to
a relative capture probability of 100 for a 4 Mev neutrino, to 1, 000 for
a neutrino of 7 Mev and to 30, 000 for a 14 Mev neutrino.

Since the

reaction 130Te{v, e-)130r has a lower threshold than that of
37cl(v, e-)37Ar whereas the 128Te{v, e-)128r has a higher threshold,
one would expect the value u- <\>, for the neutrino reactions to decrease
in the following order:

BOTe> 37cl > 128Te.

Thus a higher
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contribution to l30xe anomaly than the one calculated above may be expected through neutrino induced reactions.

However, it appears that

the excess 130xe and 128xe found in tellurium ores arise chiefly from
[3[3-decay processes and neutrino induced reactions play a minor role in
the generation of these isotopic anomalies.
1 2 9xe and 13lxe Excesses
It is seen from Table 3 that there remain clear excesses of

129xe and 13lxe after subtracting the contributions from spontaneous
fission of 238u and atmospheric contamination.

Fig. 1 illustrates that

this excess is proportional to the amount of tellurium in ore.

The

neutron induced reactions on 128Te and 130Te qualitatively explain the
129xe and 13lxe excesses and this has been suggested earlier by
Inghram and Reynolds [2]

Assuming that the capture reactions are

principally due to thermal neutrons, the natural isotopic abundances of
tellurium [17] and the thermal neutron capture cross sections of 128Te
and 13 OTe [18] can be used to calculate the production ratio of 129xe
to 13lxe for this process.

This yields (129xell3lxe)

excess

= 0.60 ±

0.24

whereas Table 7 shows that the (129xe I 131Xe )excess in Boliden tellurobismuthite and other tellurium ores is three to five times higher than
the ratio expected for thermal neutron capture on tellurium.
The most simple explanation for the high (129xe I l3lxe) excess
in tellurium ores would be the addition of extra 129xe to that produced
from thermal neutron capture.

Inghram and Reynolds [2] proposed

that the extra 129xe was due to the decay of 129I which had been
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incorporated into the ores.

Kirsten et al. [5] also suggested that part

of the 129xe was due to the in situ decay of 129r, but they modified the
model of Inghram and Reynolds [ 2] by suggesting that the xenon inc orporated into the ore at the time of its formation already contained isotopic anomalies from fission decay and from neutron capture reactions
on tellurium.
From the results of this and earlier studies there appears to be
four observations which place severe constraints on the production of
129xe and l3lxe over geologic time by simple neutron capture, or the
early incorporation of excess 129xe and excess 13lxe into the ore, or
the generation of extra 129xe by the decay of 129r which had been incorporated into the ore at the time of its formation.
First we note that the total production of 131 xe by neutron capture on l30Te can be estimated from the typical neutron flux reported
for granitic rocks, ~ 10 neutrons/ cm2 year [19] , the neutron capture
cross
ore.

section(~

0. 26 barns), the tellurium content and the age of the

For an iodine-rich ore, Srinivasan et al. [20] have shown that

the ore age, as estimated from geologic evidence, is in good agreement with that calculated from the excess 128xe in the ore and the
above neutron flux.

Considering the Boliden tellurobismuthite sample

25.1B, this neutron flux would produce about 1. 2 x lo-13 cc STP Blxe
per gram of sample over the past 1. 56 x 109 years.

As can be seen

from Table 8, the observed excess of l3lxe is about 250 times larger
than this.

Alternately, one could assume that the spontaneous fis sian
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of 23 8u within the ore has generated enough thermal neutrons for the
production of l3lxe by the 130Te{n,y)l31Te{(3-)13lr(f3-)l31xe reaction.

If

this is to be the case, then a correlation between the number of events
of spontaneous fission that has taken place, and the excess 131 Xe content can be expected.

The amount of 136xe produced by fission (Table

8} is directly proportional to the former quantity.

An inspection of

Table 8 reveals that there exists no correlation between the excess
13lxe observed in the different samples with the 136xe produced by fission.
Secondly, we consider the possible introduction of isotopically
anomalous xenon into the ore at the time of its formation.

We note

from Fig. 1 that the excess 129xe and 13lxe correlate with the tellurium content.

If either of these isotopes were in excess in the xenon

originally incorporated into the ore, then the correlation shown in
Fig. 1 requires that the ratio of xenon to tellurium remain constant 1n
the formation of the different samples of this ore.

However, this con-

clusion is in conflict with the well known geochemical differences between these two elements and with the observation shown in Table 2
where the most tellurium-rich sample has the lowest xenon content.

A third observation places constraints on the generation of excess 129xe in the tellurium ores by the in situ decay of 129r originally
implanted in the ore.

Since the half-life of 129r, tl/2 z 16 x 106 years,

is short relative to the age of the tellurium ores, the excess 129xe
from this source should be produced relatively early in the history of
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any tellurium ore with an age, T, where T >> t 1 ; 2 .

For example, half

the total excess 129xe from the decay of 129r would be generated within
the first 16 x 106 year history of the ore.

To demonstrate the obser-

vations expected from this model, we have shown in Fig. 2 the variation in the ratio ( 12 9xefl3lxe)excess• which would have occurred over
the history of the Boliden tellurobisrnuthite, if all the presently observed excesses at masses 129 and 131 are the products from neutron
capture on tellurium plus in situ decay of 129r.

Note that the ratio,

( 12 9xe/ 131 Xe)excess• would have been greater than 100 when the ore
was 16 x 106 years old, and that the ratio would have decreased with
time reaching a value, (129xefl3lxe) exces~

=4 '

when the ore was

1 x 109 years old, and finally reaching the presently observed value,
(129xe jl3lxe)excess ::::: 2. 82 {average value for the four samples), when
the ore became 1. 56 x 109 years old.

If the isotopic composition of

xenon in tellurium ores had changed in the manner shown in Fig. 2,
then one would expect to observe large variations in the ratio,
(129xefl31Xe)excess• in tellurium ores of different ages.

However,

for all the tellurium ores studied to date, the (1 2 9Xefl3lxe)excess
ratios are remarkably constant although the ore age varies from 90
to 1830 million years {Table 7).

It should be pointed out that essen-

tially similar variations of (129xefl3lxe)excess with varying ore age
would result as shown inFig. 2, irrespective of the nature of original
incorporation of excess 129xe, either in the form of its parent 12 91
as suggested by Inghram and Reynolds [2] or as 129xe as suggested
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by Kirsten et al. [ 5] .
Finally, if the excess 129xe in tellurium ores were produced
from 129r that had earlier been incorporated into the ore, then the correlation of excess 129xe with tellurium (Fig. 1) requires the original
inventory of 129r to have behaved very much as an isotope of tellurium,
maintaining a constant 129r/Te ratio in the different samples studied in
this investigation.

Furthermore within experimental error, the ratio

of excess 129xe :13 Oxe :Blxe is identical in Boliden pyrite (Table 4) and
in the tellurium-rich ores (Table 3).

Thus as the tellurium content

varies from a trace quantity to approximately 50o/o of the ore, there is
no evidence for any separation of tellurium from the proposed 129r.
From the above four considerations we conclude that it is very
unlikely that the excess 129xe and Blxe result from simple neutron
capture on tellurium or from this process plus an original endowment
of 129r or 129xe in the tellurium ores.

Rather it appears that the en-

tire inventory of excess 129xe and 13lxe in the tellurium ores has been
generated in situ by some nuclear process(es) which produced these two
xenon isotopes in the ratio observed today in tellurium ores.
One possible explanation for the excess 129xe and excess 13lxe
found in tellurium ores has been suggested by Takagi et al. [10] .

They

noted that negative muons and their secondary neutrons might produce
129xe and 13lxe by the following reactions:
129xe:
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Associated Rocks
{IJ.-, xn)
secondary neutron
VI

l28Te{n, y)l29 1 w-)129xe
13lxe:
Associated Rocks

VI

{IJ.-, xn)
secondary neutron

l30Te{n, y)l31I(!3-)13lxe

Takagi et al. [10] assumed that the secondary neutrons were thermalized prior to capture on tellurium, but Butler et al. [21] and
Alexander et al. [9] noted that a flux of fast neutrons by {n, 2n) reactions on tellurium would produce excess 129xe without contributing to
the production of l3lxe.

Thus it appears that the interaction of nega-

tive muons with tellurium and surrounding material would produce excess l29Xe by three reactions:

l30Te{IJ.-, n), l30Te{n, 2n) and 128Te{n,y).

However, the effective synthesis of excess Blxe would be limited to the
{n, y) reaction on BOTe.
To look for evidence of reactions induced by negative muons
and/ or fast neutrons 1n other terrestrial material, we determined the
isotopic composition of xenon in two samples of the cesium-rich m1neral, pollucite.
Cs 4 Al 4 Si

9

The approximate chemical composition of pollucite is

o 2 6 ·H20

[22] .

The reactions on cesium which might produce

xenon isotopes are as follows:
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133cs (~J.-, 2n)13lxe

The capture of thermal neutrons by 133cs produces very little 134xe
due to the small fraction of 134cs which decays to 134xe [23].
The results of our analyses for xenon in the pollucite samples
are shown in Table 5, together with the isotope ratios after correction
for atmospheric and spontaneous fission components.

The pollucite

from Manitoba (97A) exhibits a small excess of 129xe, 13lxe and 132xe.
No such excesses are obvious in the pollucite from South Rhodesia
( 96A) within the limits of experimental error.

However, an excess of

12 8xe is observed in sample 96A, and the reason for this excess 1s not
clear.

The amounts of excess 13lxe and 13 2 xe in sample 97 A are

~ 2 x 10- 13 and~ 1 x 10-13 cc STP/g, respectively.

These are over two

orders of magnitude smaller than the amounts of excess 1 2 9xe and
13lxe observed in any of the Boliden tellurobismuthite samples.
To compare the results on pollucite with the proposed generation of xenon isotopes in tellurium minerals and ores by negative muons
and secondary neutrons, the following factors must be considered:

ore

age, flux of muon and secondary neutrons, number of target nuclei, and
the cross-section of the target nuciei for the production of xenon isotopes.
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The eros s- section for negative muon induced reactions is proportional to the number of nucleons in the target nucleus and therefore
we expect approximately equal cross-section values for the (f.!-, n)
reactions on cesium and tellurium.
z

The cesium content of pollucite 1s

40o/o and the 238u_l36xe age of Manitoba pollucite is estimated to be

0. 8 x 109 years from the content of fissiogenic 136xe and the uranium
content of 0. 8 ppm [24].

After corrections for ore age and chemical

composition, we find that equal muons per unit time on tellurobismuthite sample 25. lB and pollucite sample 97 A would by the (f.!-, n)
reaction produce about 1. 2 times more 132xe in pollucite (97A) than
129xe in tellurobismuthite (25.1B).

The secondary neutrons (fast neu-

trons) emitted in the muon induced reactions has been shown to be
proportional to the cube root of the mass number of the target elements
[25] .

Assuming that, these fast neutrons react with 133cs and 13 OTe

by (n, 2n) reactions to yield 132xe and 129xe respectively, the ratio of
the production rates of these two isotopes can be calculated knowing
the relative (n, 2n) cross-sections.

It is estimated from the available

data for 14 Mev neutron eros s- sections that the 133 Cs (n, 2n)l3 2cs
reaction has

z

reaction [18].

4 times larger cross-section than the l30Te(n, 2n)l29Te
Calculating as before, we observe that the secondary

neutrons would produce about five times more l32xe in pollucite sample 97A, when compared to the production of 129xe in tellurobismuthite
sample 25. lB.

In sharp contrast to these calculations, our experi-

mental results reveal nearly three orders of magnitude more of the
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anomalous l29xe in tellurobismuthite than of excess 132xe in the pollucite.
It should be emphasized that the above calculation was based on

a uniform muon flux rate for the pollucite and tellurobismuthite samples.

Difference in shielding due to sample depth or large variations

with time in the !-L-flux deep in the earth [10] would make the calculation invalid.

We note that the amounts of excess 129xe and 13lxe in

various tellurium ores do not increase in a regular manner with ore
age.

For example, the excess 129xe per gram of tellurium in Boliden

tellurobismuthite is about 100 times the excess 129xe in native tellurium from Goodhope Mine, Colorado [8].

Since the age of the Goodhope

Mine tellurium is 1. 31 x 109 years [8], which is approximately equal to
that of the Boliden tellurobismuthite, the different tellurium ores have
undergone different production rates of 12 9xe from nuclear reactions
on tellurium.

For this reason the low concentrations of anomalous

xenon in the pollucite samples do not constitute conclusive evidence
against the generation of excess 1 2 9xe and 13lxe in tellurium ores by
muons and/ or fast neutrons.

CONCLUSIONS

Frorn the results of this investigation we conclude that the halflife for the f3f3-decay of 130Te is 2. 51 x 1021 years and the half-life for
the f3f3-decay of 128Te is greater than 2. 7 x 10 23 years.

Since the
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presence of small excesses of 128xe in pollucite and pyrite samples is
not understood, we cannot unambiguously assign any of the excess
128xe in the tellurobismuthite to f3f3-deca y of 128 Te.

The excess 129 Xe

and 13lxe in tellurium ores is generated in situ by nuclear reactions on
tellurium.

However, the cesium-rich ores examined here do not con-

tain such large quantities of anomalous xenon as does the Boliden tellurobismuthite.

Additional measurements on other cesium-rich ores

may elucidate the nuclear reactions in nature which are responsible for
excess 129xe and l3lxe in tellurium ores.
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Table 1.

Boliden Tellurobismuthite:

Tellurium Content and Weight

of Sample Used for Noble Gas Analysis

Sample No. and
Description

25. ZA, -50 to +200 mesh,
magnetic

Tellurium
Content of Sample
Weight o/o

Weight of Sample
Used for Noble
Gas Analysis

8.1

0.7113g

25. 3A, -200 mesh, nonmagnetic

23.4

1. 1432 g

25. ZA, -50 to +zoo mesh,
nonmagnetic

32.6

1. 0746 g

25. lB, shiny flakes

46.7

1.2270 g

Table Z.

Sample

25.2A
Magnetic

25. 3A
Nonmagnetic

Boliden Tellurobismuthite: Observed Isotopic Composition of Xenon

132xe
cc STP/g
X 10 -11::<

128xe

3. 81

0.066 ± 0.002

13. 3

129xe

l30xe

131xe

132xe

134xe

136xe

1.55 ± 0.02

0,203 ± 0.003

0.945 ± 0.009

:1.00

0.486 ± 0.003

0.459 ± 0.004

0.067 ± 0.002

1.29 ± 0.02

0.194 ± 0.002

0.885 ± 0.007

:1.oo

0.455 ± 0.002

0.415 ± 0.002

0.302 ± 0.005

1.19 ± 0,01

;:1.oo

0.416 ± 0,007

0.365 ± 0.007

:1.00

0.440 ± 0,008

0.396 ± 0.009

25. 2A
Nonmagnetic

4.41

0.0 71 ± 0.001

2.17 ± 0.03

25.1B
Shiny Flakes

0.133

0.146 ± 0.004

63.6 ± 0.7

8.52 ± 0.14

23.2 ± 0.5

------------------------------------------------------------------------------------Atmospheric
Xenon

0.071

0.983

0.152

o. 788

:1.00

0.388

0.330

':'The error in the determination of the amount of 132xe is ± 8, 4o/o for the first two samples and± 8.1o/o for the last two samp1es.

LIJ
0'

Table 3.

Boliden Tellurobismuthite: Isotopic Composition of Xenon After Subtraction
of Fission Component and Atmospheric Component

l28xe

Sample

l29xe

130xe

25. 2A
Magnetic

0. 002 ± 0. 002

0. 66 ±

o.

25. 3A
Nonmagnetic

o.

o. 3 7

o. 02

25. 2A
Nonmagnetic

0. 002 ±

25.1B
Shiny Flakes

0. 078 ± 0. 004

000 ± 0. 002

o.

001

±

02

1.21±0.03

62. 7 ± 0. 7

o.

066 ± 0. 003

o. 052

±

o. 002

0.154 ±

o. 005

8.37 ± 0.14

134xe

13lxe

132xe

0. 223 ± 0. 009

o.oo

0. 000 ±

o. 007

0. 00

o. 000

± 0. 003

o.

0. 42 ± 0. 01

0. 00

o. 000

± 0. 008

0. 000 ± 0. 008

22.4 ± 0. 5

o. 00

0. 000 ±

0.141 ±

o. 005

o. 008

136xe

0. 000 ±

o. 006

000 ± 0. 003

o. 000

± 0. 009

liJ
-J
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Table 4.

Xenon Isotope

Boliden Pyrite:

Isotopic Composition of Xenon

Obs. Ratio

Obs. - (Atmos.

+ Fiss.)

128xe

0. 077 ± 0. 001

0. 011 ± 0.001

129xe

0. 963 ± 0. 012

0.051 ± 0. 012

130xe

0. 153 ± 0. 003

0.012 ± 0.003

13lxe

0. 775 ± 0. 011

0. 035 ± 0. 011

132xe

=1. 00

134xe

0. 461 ± 0. 006

0. 000 ± 0. 006

136xe

0. 424 ± 0. 005

0. 000 ± 0. 005

132 xe Content

4.69

::o.

X

10- 12 cc STP/g

00

Table 5.

Pollucite: Isotopic Composition of Xenon

Pollucite, 96A
Motoko District
South Rhodesia

Pollucite, 97A
Manitoba, Canada

Xenon Isotope

Obs. - (Atmos.

Obs. Ratio

+ Fiss.)

130xe

6. 54 ±
:;1, 00

+ Fiss.)

o. 80

± 0. 03

6, 50± 0,12

o. 02

±

0.00

=l. 00

0.00

0.11±0.03

5. 38 ± 0. 09

0. 13 ± 0. 09
0.01±0.14

o. 06

o. 02

Obs. - (Atmos.

1.27±0.03

128xe
129xe

Obs. Ratio

± 0. 02

131xe

5.31±0.03

l32xe

6. 76 ±

o. 02

0. 07 ±

o. 02

7.05±0.14

B4xe

2. 71 ±

o. 02

0. 00 ±

o. 02

3. 14 ±

B6xe

2. 34 ±

o. 0 1

0,00 ± 0.01

o. 04

2. 90 ± 0. 04

o. 12

-0. 05 ±

o. 04

o. 00

o. 04

±

--------------------------------------------------------------------------BOxe Content

(1. 77 ±

o. 03)

X

lQ-12 cc STP/g

(2. 20 ±

o. 28)

X

10-1 2 cc STP/g
LV

-.o
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Table 6.

Hali-Life for the Process 130Te(f3_f3_)130xe

Half-Life in Years

Reference

25. 2A Magnetic

(2. 08 ± 0. 27)1021

This Work

25. 3A Nonmagnetic

(2. 17 ± 0. 27)10 21

This Work

25. 2A Nonmagnetic

(3. 09 ± o. 35) 1 o21

This Work

25. lB Shiny Flakes

(2. 69 ± o.27)1o21

This Work

Sample

Boliden Tellurobis muthite

Total Ore

1. 46

X

1 o21

2

Total Ore

1. 79

X

1o21

5

Oya Tetradymite

0. 82

X

lo21

3

Good Hope (Colorado) Te

2. 19

X

1021

8

Kirkland Lake Altaite

2.03

X

1 o21

9
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Table 7.

Ratio of Excess 129xe to Excess 13lxe in Tellurium Ores

Sample

Ore Age
(years)

Excess
(129xefl3lxe)

Reference

Boliden Tellurobismuthite
25. 2A Magnetic

1.56x109

2. 96 ± 0. 15

This Work

25. 3A Nonmagnetic

1. 56

X

109

2. 62 ± 0. 19

This Work

25. 2A Nonmagnetic

1.56

X

109

2.88±0.10

This Work

25. lB Shiny Flakes

1.56

X

109

2. 80 ± 0. 07

This Work

Total Ore

1. 56

X

109

2.95

2

Total Ore

1. 56

X

109

2.37

5

1. 59

3

Oya T etradymite

0. 090

Good Hope {Colorado) Te

1. 31

X

109

1. 5-2. 1':<

8

Kirkland Lake Altaite

1. 83

X

109

2. 15

9

X

109

>:<For this ore, the heavy xenon isotopes were primarily due to fission
products.

The ratio of (129xefl3lxe) excess is uncertain due to the cor-

rection for this fission component.
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Table 8.

Boliden Tellurobismuthite:

Comparison of

13lxe Excess With Fission Produced 136xe

Observed
Excess 13lxe in
cc STP/ g x lo-ll

Fission Produced
136xe
cc STP/g x 1o-ll

0. 85 ± 0. 08

0.61 ± 0.51

25. 3A
Nonmagnetic

1. 9 ± 0. 2

1.4±0.1

25. 2A
Nonmagnetic

1. 9 ± 0. 2

0.19 ± 0.02

25. lB
Shiny Flakes

3.0±0.3

0. 011 ± 0. 001

Sample

25. 2A
Magnetic
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Figure 1
Variation of l28xe, l29xe and l3lxe Excesses
with Tellurium Content of Boliden Ore
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Figure 2
Variation of the (129xe I 131 Xe) excess with Ore Age

It is assumed that the excess l3lxe is from thermal neutron
capture on 130Te and the excess 129xe is from the decay of
129r and from thermal neutron capture on l2 8 Te.

The right

ordinate is the amount of excess 129xe and excess 13lxe in
arbitrary units.
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B.

Te 130 -Xel30 AGE DATING OF TELLURIUM MINERALS
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Abstract

The half-life for double beta decay of Tel30 is determined to be
(2. 83 ± 0. 26)10 21 years from an analysis of xenon and tellurium in the
tellurides from Kalgoorlie, Australia.

The use of high sensitivity

noble gas mass spectrometry to measure small amounts of the Xel30
formed from the double beta decay of Te 130 makes possible a new age
dating method for hydrothermal deposits rich in tellurium.

Three tel-

luride samples from different geographic locations have been dated by
the Tel30- Xel30 method and the ages obtained are consistent with the
geologic age estimates.
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Introduction

The occurrence of radioactive nuclides as members of the elements of nature provides a convenient method to estimate the age of
those rocks or minerals whose formation selectively enriched a radioactive nuclide relative to its decay product.

In cases where the decay

product is an isotope of a noble gas and the parent an isotope of any
other group of elements, age dating from measurements of the pair is
greatly simplified for the following reason.

During the formation of a

solid, the radioactive parent is generally included devoid of the gaseous daughter product formed earlier.

Thus the concentrations of

parent and daughter present in a solid define its time of formation.
Conventional age determinations in which the daughter is a stable noble
gas isotope include measurements of the formation time of terrestrial
rocks and meteorites by the U- He4 and K 40 - Ar40 methods.

For

meteorites, the exposure time to cosmic radiation is measured by the
amounts of spallation-produced He3, Ne21 and Ar38.
With the advent of high sensitivity noble gas mass spectrometry, it became possible to observe noble gas isotopes produced by
very rare nuclear events.

Studies of the isotopic composition of xenon

from meteorites and deep well gas samples have revealed the decay
products of two now-extinct radioactive nuclides, Il29 and Pu244,
which had been present when the meteorites and the earth formed about
4. 6 x 109 years ago (Reynolds, 1960; Kuroda, 1960; Boulos and
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Manuel, 1971).

Minor branches of radioactive decay, such as the de-

cay of Rb 8 6 to Kr 8 6 and the decay of Cs 134 to Xe 134, had not been
detected by conventional methods but were readily measured by noble
gas mass spectrometry (Alexander et al., 1968a; 1968b).

Even those

nuclides which appeared to be stable could be examined for nuclear
decay modes of low probability.

The simultaneous emission of two

beta particles from nuclides where a single beta emission is energetically forbidden or forbidden by a large spin change is an example of
such a process for which the theoretically predicted half-lives are

> 10 15 years (Primakof£ and Rosen, 1965).

An examination of the

chart of the nuclides reveals many possible double beta (1313) decaying
nuclides, among which Tel28, Tel30, Bal30, Bal32 and se82 give
rise to noble gas isotopes as daughter products.

The high sensitivity

attainable in noble gas mass spectrometry has proved very useful in
studying such decay processes in geologically old samples where the
noble gas daughter products accumulate and appear as distinct components in the isotopic spectrum.
Experimental evidence for the 1313-decay of Te 130 was first obtained by Inghram and Reynolds (1949, 1950).

They observed an ex-

cess of Xel30 from the decay of Tel30 in a geologically old(::::: 1. 5 x 109
years) tellurobismuthite sample from Boliden, Sweden and calculated
a half-life of 1. 4 x 1021 years for the Te 130 (13_13_)Xe 130 process.

Ad-

ditional studies of xenon in other tellurium minerals and ores have
yielded half-life values of Tel30 in the range of

tf1~

= (0. 8-2.

5)10

21
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years (Takaoka and Ogata, 1966; Kirsten et al., 1967a, 1967b, 1968;
Alexander et al., 1969; Srinivasan et al., 1971}.

Recently the

Se82( !3 -!3- }Kr 82 process has been detected in selenium -rich minerals,
and a preliminary half-life of 1. 4 x 102° years has been reported
(Kirsten and Muller, 1969}.

Since selenium and tellurium are enriched

in hydrothermal deposits, the use of noble gas mass spectrometry to
measure !3!3-decay products of these two elements offers a new dating
technique which may be useful in understanding the chronology of hydrothermal deposit ion.
In an attempt to establish Te 130 - Xe 130 as a dating method for
hydrothermal deposits containing tellurium minerals, we report here
the analyses of four tellurium samples of widely different geologic
ages.

The sample of tellurides from Kalgoorlie lodes, Australia is the

oldest telluride sample analyzed to date.

The age of gold mineraliza-

tion in the Kalgoorlie-Norseman area has been determined by Turek
(1966} using the Rb87- Sr87 dating method.

By studying ten samples of

both gold telluride and gold-quartz lode material, Turek obtained
(2460 ± 8 0}1 o6 years for the age of gold mineralization.

The avail-

ability of an accurate age for this very old telluride sample afforded us
an opportunity to accurately measure the half-life for the !3!3-decay of
Tel30.

Using the tf72 value determined from Kalgoorlie tellurides,

the Tel30 _ Xel30 age of the other three tellurium-rich samples are
calculated and compared with geologic age estimates.

52

Experimental Procedure

Tellurides from Kalgoorlie Lodes, Western Australia:

A 10 g

sample of relatively pure tellurides from Kalgoorlie lodes was obtained
through the courtesy of Mr. G. A. Travis of Western Mining Corporation, Australia.

This sample was from an old specimen (probably

from different mines and varying depths below the surface) consisting
of a mixture of tellurides, the dominant phases probably being coloradoite and krennerite (G. A. Travis, written communication, 1969).

A

part of the sample was crushed to -50 mesh size (Sample 113. lA) and
an aliquot weighing 0. 5413 g was used for noble gas analysis.

The

other sample used for noble gas studies was a piece of the uncrushed
specimen (Sample 113.1B), weighing 0. 6164 g.
Tellurides from Vatukoula, Fiji:

Through the generous co-

operation of Mr. 0. H. Marshall of Emperor Gold Mining Company,
Fiji, we obtained about 3. 2 kg of ore specimens containing telluride
minerals.

All the specimens came from the same rich ''pocket" in one

of the ore bodies and their spatial distribution was covered by a 3 foot
radius (0. H. Marshall, written communication, 1969).

This sample

was ground to -50 mesh size and the tellurium rich portion was separated by flotation methods using tetrabromoethane followed by methylene iodide.

The dense fraction (density> 3. 3 g/cc) weighed:::: 38 g and

was further separated into magnetic and nonmagnetic fractions.

The
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magnetic fraction was found to contain no tellurium.

An aliquot weigh-

Ing 12. 24 g of the nonmagnetic fraction was used for noble gas analysis.
Tellurides from Facebaja, Transylvania, Roumania:

The tel-

lurium ore fron'l Roumania was purchased from Ward's Natural Science
Establishment.

This ore was also ground to -50 mesh size and sepa-

rated as before using methylene iodide.

An aliquot weighing 0. 9011 g

of the nonmagnetic fraction was used for noble gas analysis.
Tellurides from Moctezuma, Sonora, Mexico:

A small sample

of an ore, rich in native tellurium, was purchased from Southwest
Scientific Company, Montana.

This was one of the samples analyzed

in our preliminary investigations and hence no attempts were made to
separate the tellurium from the host rock.

Two pieces weighing

0. 8477 g and 1. 2073 g were utilized for noble gas analysis.
Noble Gas Analysis:

Two different procedures were followed in

melting the samples to extract the noble gases.

All samples except

Fiji tellurides were mounted in the side arm chambers of a glass extraction bottle, and after the pressure had been reduced to == 10-8 torr,
the samples were dropped into a previously outgassed molybdenum
crucible.

The samples were heated for 3 0 minutes at ::::: 1600°C using

an induction heater for extracting the noble gases.

The sample from

Fiji was loaded in a Vycor tube attached to the glass vacuum system
and the pres sure was reduced to

z

10- 8 torr as before.

The noble

gases were extracted from this sample at three different temperatures, 195°C, 575°C and 975°C by resistance heating.

The sample
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melted and condensed on the cooler parts of the tube at the highest
temperature used.
The noble gases extracted from the sample were subjected to a
preliminary clean-up by exposing them to a Ti foil at 8S0°C.

The Ti

foil was cooled, the gases transferred to a final clean-up system by
adsorption on charcoal cooled with liquid nitrogen.

The gases were

then released from the charcoal by heating to 200°C and exposed to a
second Ti foil at 850°C.

The second Ti foil was cooled, the krypton

and xenon were selectively adsorbed on charcoal cooled by a mixture
of solid COz and ethanol.

Argon, neon and helium, not adsorbed on

charcoal at this temperature, were pumped out.

Krypton was s epa-

rated from xenon by selective adsorption of the latter at the melting
point of mercury and was analyzed using a Reynolds' mass spectrometer (Reynolds, 1956).

After the completion of krypton analysis,

xenon was released into the mass spectrometer by heating the charcoal
to 200°C.

The isotopic composition of krypton in these ores are iden-

tical to that of atmospheric krypton and is not of use for this study.
Air spikes standards were analyzed before and after the analyses of the
samples for the purpose of calibration of the mass spectrometer.

The

detailed experimental procedure and the method of data reduction have
been reported earlier (Alexander and Manuel, 1967).

The errors in

the isotopic ratios represent one standard deviation (a-) from the least
squares line through the observed ratios plotted as a function of time.
The errors in the gas concentration measurements reflect the deviation
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of the sensitivity of the mass spectron1eter from the average value
determined by two standard air spikes analyzed before and after each
sample.
Tellurium Analysis:

Aliquots of samples weighing between 25

and 50 mg were analyzed for tellurium by the atomic adsorption method,
and the absorbancy compared to that of standard solutions of tellurium.
The experimental procedure has been discussed in an earlier communication from this laboratory {Alexander et al., 1969).

Results and Discussion

Half -life of Te 13 0:

As stated in the introduction, the

f3f3 -decay

half-life determination of Tel30 is carried out with the tellurides from
Kalgoorlie, Australia.

The observed isotopic composition of xenon,

the concentration of Xel32 and the tellurium content of both Kalgoorlie
telluride samples are shown in Table l.

Also shown in the table is the

isotopic composition of xenon in the atmosphere {Nier, 1950).

Iso-

topic anomalies are more pronounced in sample 113. lB than in the
crushed sample, ll3.1A, due to a larger component of atmospheric
xenon in the latter.

The Xel34;xel32 and Xel36Jxel32 ratios for both

samples are the same as atmospheric ratios within the limits of experimental error suggesting the absence of any xenon component from
the spontaneous fission of u238.

Therefore, it may be assumed that

all of the Xe 132 is due to atmospheric contamination.

Subtracting the
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atmospheric contamination, the amounts of excess Xel30 (represented
as Xe 13 Or) in the two samples are as follows:

Sample 113.1A:

Xel30r

:::

(1. 88 ± 0. 16)lo-ll cc STP/g

Sample 113.1B:

Xel30r

:::

(1. 48 ± 0. 13)lo-ll cc STP/g

It has been shown conclusively (Kirsten et al., 1967a, 1968) that

excess Xe 13 0 production in tellurium minerals is due to ~~-decay of
Tel30.

Assuming that all of the Xel30r observed in our samples is due

to ~~-decay of Tel30 and that there is quantitative retention of Xel30r,
the half-life for !3!3-decay of Tel30 can now be calculated from the
following equation:

t 13 0
1/2

:::

T[ T e 13 0 / X e 13 0 r] 1n 2

( 1)

where
T

:::

age of the sample, (2460 ± 80)106 years

Tel30

:::

number of atoms of Tel30Jg of sample

=

number of atoms of excess Xel30Jg of sample

Xel30r

Equation (1) yields tiJ~::: (2. 83 ± 0. 26)1021 years for sample 113.1A
and tf~~::: (4. 09 ± 0. 37)1021 years for sample 113.1B.

For sample

113.1A, the use of aliquots from a finely crushed sample for both the
xenon and the tellurium analyses should prevent sampling inhomogeneities, but representative sampling is less certain for the uncrushed

57

sample.

For this reason we prefer to use the half -life value obtained

from sample 113. lA to calculate the age of the other three tellurimn
samples reported here.
The larger gas content of sample 113. lA (Table 1) has masked
the smaller anomalies at Xel28, Xel29 and Xel31 seen in sample
113. lB.

It should be pointed out that in earlier studies with other tel-

lurium ores and minerals, the Xel30 anomaly has always been acco1npanied by Xel29 and Xel31 anomalies (Inghram and Reynolds, 1950;
Takaoka and Ogata, 1966; Kirsten et al., 1967a, 1967b; Alexander et al.,
1969; Srinivasan et al., 1971).

Many hypotheses have been suggested

to explain the Xe 129 and Xe 131 anomalies by the above mentioned
authors and also by Takagi et al. (1967).
Estimation of tl 2 8Jtl30.
1/2 1/2'

The occurrence of excess Xel28 and

exess Xel30 in sample 113.1B permits one to evaluate the relative half-

However, it should be mentioned that due to the very small signal for
Xel 2 8 the ratio of Xel28Jxel32 could not be measured accurately.
The Xel28Jxel32 value given in Table 1 thus defines only the upper
limit for the ratio.

Assuming that all of the excess Xel28 arises from

1313-decay of Tel28 and that there was equivalent retention of Xel28r
and Xel30r, the ratio of the 1313-decay half-lives of Tel28 and Tel30
can be calculated from the observed isotopic composition of xenon
(Table 1) and the ratio of the isotopic abundances of Tel28 to Tel30,
0. 922.

The calculation shows that ti7~Jti]~ > 293.

The other
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tellurium samples analyzed earlier in our laboratory have yielded
values of> 59 and :::_108 for this ratio (Alexander et al., 1969;
Srinivasan et al. 1971}.

In the above calculations, it is tacitly assumed

that any possible contribution from Il27(n,y)Il28([3-)Xel28 is either
totally absent or negligible.
Te 130 -Xe 130 Dating:

Reliable age determinations of the other

tellurium ores can be obtained from the tellurium content, the concentration of Xel30r and the value of tiJ~ = (2. 83 ± 0. 26)1021 years.

This

half-life is believed to be accurate for the following reasons:
i)

The age of the telluride sample used in equation (1) has been

obtained by Rb8 7 -sr8 7 dating of gold tellurides and gold-quartz lodes
and thus represents the age of mineralization (Turek, 1966).

Kirsten

et al. (1968} and Takaoka and Ogata (1966) estimated lower values for

tiJ~. but both used K40_Ar40 dating for obtaining the ore age.

Any

diffusive loss of Ar40 is expected to yield a lower age and hence a
lower half -life for Tel3 0.

However, the half-life of Tel3 0 obtained

from sample 113. lA is in general agreement with the value of

tiJ~

= 1021 ±

0.12 years reported by Kirsten et al. (1968} and with

ti} ~ = (2. 03 ± 0. 3 0} 1 o21 years from the study of Kirkland Lake tellurides (Alexander et al. , 1969).
ii)

Isotope anomalies at mass numbers other than Xel3 0 are

negligible in sample 113.1A.

This makes it improbable that the Xel30

excess is from any source other than [3[3-decay of Tel30 and also simplifies the resolution of the spectrum into an atmospheric component
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and a f3f3-decay component from Tel30.
Age determinations have been carried out on samples of three
different tellurium ores from different geographic locations.

The

experimentally measured Xel30r content, the tellurium content, and
the ore age calculated from equation (1) are shown in Table 2.
logic age estimates are also shown for comparison.

Geo-

It is observed that

the ages calculated from Tel30_xel30 dating are in good agreement with
the estimated geologic ages.

A few comments on the methods of anal-

ysis, the m.ethods of resolving the isotopic spectrum, and the geologic
age estimates are in order.
The telluride sample from Vatukoula, Fiji is expected to be
very young since the oldest rocks in the area from which our sample
came have been dated by the K 4 0 -Ar 40 methods as a minin1um of
12. 5 x 106 years (0. H. Marshall, written communication, 1969).

With

such young samples it is necessary that a fairly large sample be taken
for analysis and also that atmospheric contamination be kept to a
m1n1mum level.

The former condition was satisfied in our work by

analyzing a 12. 24 g sample and the latter by stepwise heating of the
sample in order to separate atmospheric xenon from that produced by
f3f3-decay.

The isotopic spectrum obtained at 195°C and 975°C was

essentially atrnos pheric.

The 57 5 °C fraction showed excess Xel3 0

unaccompanied by any other anomalies.

The Tel30_xel30 age cal-

culated from this measurement (Table 2) is in very good agreernent
with K40_Ar40 age estirnate for the rocks and also agrees with the
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paleontological evidence indicating that the rocks of Vatukoula gold
field are of Miocene age (Markham, 1960).
The telluride sample from Roumania showed the presence of
excess Xe130 and also an excess of Xel29(1.48 x 10-13 cc STP/g) and
Xe13l(o. 61 x lQ-13 cc STP/g).

A small component of xenon from the

spontaneous fission of u238 was observed in the isotopic spectrum and
subtracted by the method of Srinivasan et al. (1971).

For this sample

also, the age calculated from our measuren1ents, (33. 9 ± 8. 0)106
years, is close to the geologic age estima_tes (Tertiary, probably
Miocene) for the volcanic rocks containing telluriun-1 minerals
(Szekyne, 1970).
Two samples of the tellurides fronJ. Sonora, Mexico were analyzed.

The excess Xe130 reported in Table 2 is the average from the

two measurenl.ents.
and Xel31.
absent.

Both the samples showed a small excess of Xel29

Again significant excesses at other mass numbers were

The Te130_xe130 age for this sample is (57. 3 ± 13. 2)106 years.

Gaines (1965) in reporting a new lead uranyl tellurite from Moctezuma,
Sonora, Mexico observes that the tellurium-gold ore is in a series of
subparellel quartz veins 1n a highly altered bed rock whose age is
probably late Cretaceous.

Again the agreernent between the geologic

age and the Te130_xe130 age is very satisfactory.
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Summary

The half-life for !3!3-decay of Tel30 is determined to be
(2. 83 ± 0. 26)10 2 1 years from an analysis of tellurides from Kalgoorlie,
Australia, the oldest telluride analyzed to date.

This half-life is in

good agreement with the earlier values reported from analyses of other
tellurium ores and minerals (Inghram and Reynolds, 1950; Takaka and
Ogata, 1966; Kirsten et al., 1967a, l967b, 1968; Alexander et al., 1969;
Srinivasan et al., 1971).

It is also estimated that ty]~!tlJg > 293 from

the measurements of excess Xel28 and Xel30 in the Kalgoorlie tellurides.
The ages of three telluride samples from different geographic
locations have been detern1ined using the half-life value reported above
in conjunction with the measurements of excess Xel30 and the tellurium contents.

The Tel30_xel30 ages agree with the geologic age

estimates for these samples.
The earlier work by Kirsten et al. (1968) and Alexander et al.
(1969) and the present studies indicate the usefulness of Tel3 0_ Xel3 0
dating method for the determination of the age of hydrothermal deposits rich in tellurium.

This age dating method is especially useful

for those telluriun1 ores for which the potassium -agron and/ or
uranium-fission xenon dating methods cannot be en1ployed.

Further,

reliable Tel30_xel30 age dating can be carried out on pure tellurium
minerals themselves, which yields the age of mineralization.
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Noble gas mass spectrometry can also be ernployed for age
determinations of selenium -rich hydrotherrnal deposits through the
[3[3-decay of Se82 to Kr82.

This possibility is currently under study in

our laboratory and preliminary investigations by us and Kirsten and
Muller (1969) have revealed that the half-life of Se82 is in the range of
(1. 4-4. 3) 1020 years.

Additional analyses of selenium-rich ores will

be undertaken in this laboratory in order to better establish the halflife of Se82 and the utility of the Se82_Kr82 dating method.
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Table 1.

Tellurides from Kalgoorlie Lodes, Western Australia:
Observed Isotopic Composition of Xenon

Xenon
Isotope

Sample 113. lA
{crushed to -50
mesh size, 0.5413 g)

Sample 113.1B
{uncrushed,
0. 6164 g)

Atmosphere

xel28

0. 072 ± 0. 001

< 0. 108

0.071

xel29

1.01±0.01

1. 15 ± 0. 03

0. 983

xel30

0. 568 ± 0. 004

11. 9 ± 0. 2

0. 152

xel31

0. 797 ± 0. 007

Xel32

:a.

oo

0. 842 ± 0. 03 0
;;;1. 00

0. 788
=1. 00

xel34

0. 383 ± 0. 004

0. 395 ± 0. 007

0.388

xel36

0. 326 ± 0. 002

0. 330 ± 0. 008

0.330

Content 1n
cc STP/g

{4. 51± 0. 37) lo- 11

{ 1. 26 ± 0. 1 0) 10- 12

Te Content

51. 7%

58.6%

xel32

Table 2.

Tel30- Xe 130 Dating of Telluride Samples

Excess Xe 1 30
Sample Origin

Te130- Xel30

Content in
cc STP/g

Te Content

Age in
Years

Geologic Age

Vatukoula,
Fiji

(o. 36 ± o. o2) Io-13

33.7%

(7. 21 ± 0. 78) 10 6

Miocene '•'

Facebaja,
Transylvania,
Roumania

(o. 87 ± o. 19) Io-13

17.3%

(33. 9 ± 8. 0) 106

Miocene

Moctezuma,
Sonora,
Mexico

( 5 . 94 ± 1. 2 6 ) 1 0 - 13

69.9%

(57. 3 ± 13. 2) 106

Late
Cretaceous

-·-

>:~The K40- Ar40 age of the oldest rocks from this area is estimated to be 12.5 x 106 years, mlmmum (Marshall, written communication, 1969).
0'
00
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ABSTRACT
The half-life of double beta decay of 82se is determined to be
in the range of (2-4)1020 years from a study of isotopic composition of
krypton in three different san1ples containing selenium.

One of the

ores, tellurobismuthite, contained excess 82Kr from the double beta
decay of 82se and excess 130xe from the double beta decay of BOTe.
The ratio of these two double beta decay products and the selenium and
tellurium contents of the ore indicate that the double beta decay halflife of 82se is shorter by a factor of :::: 12. 7 when compared to that of
BOTe.
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1.

INTRODUCTION
The possible occurrence of double beta decay has been treated

theoretically for those nuclides where the simultaneous emission of
two beta particles is energetically allowed, but the emission of a single
beta is either energetically forbidden or strongly inhibited by a large
sp1n change [1].

The half-lives calculated for the double beta (1313} pro-

cess in naturally occurring nuclides which meet the above requirements
are long (::::: 1015_1030 years} and vary by orders of magnitude depending
on the nature of the neutrino and the antineutrino.

If these two par-

ticles are identical then the neutrino may act as its own antiparticle
such that 1313-decay could occur with the emission of no neutrinos.

The

calculated half-lives for neutrinoless 1313-decay are 104-108 times
shorter than those calculated for the 1313-decay process which is accompanied by the en1ission of two neutrinos [1] .
The direct detection of radiation from the 1313-decay process is
difficult due to the very low levels of activity, but noble gas isotope
mass spectrometry has been profitably used to demonstrate the
occurrence of this process in geologically old minerals containing
nuclides which produce noble gas isotopes by 1313-decay.

The first ex-

perimental proof for the 1313-decay of BOTe was obtained by Inghram
and Reynolds [2] , who extracted and measured the isotopic composition of xenon fron1 a Precambrian ore of tellurobismuthite from
Boliden, Sweden.

They reported a half-life, ttJ2

for the 130Te(I3_13_)130xe process [3].

=1. 4

x 10

21

years,

More recently Srinivasan et al.
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[ 4] carried out a reinvestigation of xenon extracted from the above ore
and obtained tiJg = 2. 5 x 1021 years.

Various other tellurium minerals

have been studied and values of ti]g in the range of 0. 82 x 1021 to
2. 2 x 1021 years have been obtained [5-7].
Recently, Kirsten and Muller [8] determined the isotopic
con1position of krypton from six different selenium ores and obtained
clear evidence for the [3[3-decay of 82se.

They calculated a prelimi-

from an analysis of a sample of umangite from Habri, Western
Moravia.

Further, they noted that their experimental value of tfl is
2

near the lower limit of the half-life value predicted theoretically for
[3[3-decay of 82se accompanied by the emission of two neutrinos and is
16 times shorter than that of 130Te [8].

For the [3[3-decay process

accompanied by the emission of two neutrinos, the theoretically predieted inverse dependency of t 1 ; 2 on El0z2 (where E is the decay
energy in units of mec2 and Z is the atomic number of the parent) yields
Kirsten and Muller [8] ascribed the discrepancy
between the observed and the predicted values as due either to the different nuclear matrix elements of 82se and 130Te or to a slight contribution of neutrinoless [3[3-decay.

Earlier, Rosen and Primakof£ [1]

observed that the experimentally determined [3[3-decay half-lives of
130Te [3], 238u [9] and 150Nd [10] are more consistent with the theoretical estimates appropriate to the decay accompanied by two neutrinos rather than no neutrino.

In view of the important theoretical
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implications involved, we decided to extend the search for the f)f)-decay
of 82 se to tellurium ores containing appreciable amounts of selenium,
so that the ratio of tiJ~It~}z could be determined in the sam.e analysis.
In this n1anner, any error in the determination of age of the ore would
equally affect tiJ~ and tff , leaving the ratio unaffected.
2

For this pur-

pose tellurobismuthite from Boliden, Sweden, which has been extensively studied earlier [2-4, ll] for the determination of tiJ~ was used.
Although, earlier studies with the Boliden tellurobismuthite by Kirsten
et al. [ll] revealed the presence of 82Kr excess, their results established only a lower limit of

tffz

> 10l8 years.

A reinvestigation of the

noble gases in umangite from Habri, Western Moravia, the mineral
which Kirsten and Muller [ 8] analyzed to calculate the half-life of 82se,
was also carried out.

2.

EXPERIMENTAL METHODS
2.1.

Tellurobismuthite, Boliden, Sweden:

Dr. Erland Grip

of Boliden Mining Company, Boliden, Sweden, supplied approximately
100 g of tellurobismuthite mineral.

After hand picking out shiny flakes

believed to be rich in tellurobismuthite, a part of the sample was
crushed in a mortar and pestle and the magnetic fraction removed with
a hand magnet.

Noble gas analyses were performed on a 1. 0746 g

sample of the crushed, nonmagnetic mineral of size -50 to +ZOO mesh
{sample 25. ZA) and on a 1. 22 70 g sample of the hand-picked shiny
flakes {sample 25.1B).
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2. 2.

Umangite, Habri, Western Moravia:

A sample of uman-

gite (copper selenide) was purchased from Southwest Scientific Company, Montana.

This sample was crushed in a mortar and pestle to

approximately -50 mesh size and separated by flotation into two fractions by the use of methylene iodide {density= 3. 3 g/cc).

An aliquot

of the denser fraction(> 3. 3 glee) weighing 1. 013 g was used for noble
gas analysis.
2. 3.

Noble Gas Analysis:

The noble gases from the samples

were extracted under vacuum by heating the samples to ::::: 1600°C in a
molybdenum crucible.

The evolved gases were purified by exposing

them to Cu- CuO at ;:::: 5 50°C and to Ti foil at ;:::: 850°C.

The purified

noble gases were adsorbed on charcoal and selectively released (first
Ar, followed by Kr and finally Xe) into the mass spectron1eter for the
determination of isotopic composition and concentration of these noble
gases.

The detailed procedure of separation of noble gases, the cali-

bration of mass spectron1eter using air spike standards and the method
of data reduction have been reported earlier [12] .
2. 4.

Selenium Analysis:

The selenium content of tellurobis-

muthite samples was determined spectrophotometrically using the
method described by Cheng [13].
as follows:

A brief outline of the procedure is

The samples were dis solved in mixtures of cone entra ted

nitric and hydrochloric acids (1:1) and diluted to known volume.

Suit-

able aliquots of these solutions were taken, the pH was adjusted to
2. 5 - 3. 0 and 3, 3' -diaminobenzidine was added.

After a 45 minute
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development period, the pH was readjusted to 6. 5-7. 5 and the colored
species was extracted into toluene.

The absorbance of toluene solution

was measured at 420 mJ.l using a Beckman model DU spectrophotometer.

The selenium value was determined by comparison to a cali-

bration curve, which was prepared by analyses of standard selenium
solutions using the same procedure as with the unknown.
The selenium content of an aliquot of the denser fraction

(> 3. 3 g/cc) of umangite was determined gravimetrically.

After dis-

solving a weighed anwunt of the sample in mixtures of concentrated
nitric and hydrochloric acids, the selenium was precipitated as metal
by the addition of hydroxylamine hydrochloride, filtered, washed, dried
at 150°C and weighed.
2. 5.

Potassium Analysis:

The potassium content of umangite

was detern1ined in order to obtain the age of the mineral by the
40K- 40Ar dating method.

An aliquot of the sample was dissolved as

described earlier, suitably diluted and the transmittance measured
at 767 mJ.l using a Beckman model B spectrophotometer equipped with
a flame photometer accessory.

The standard addition method was

employed in determining the potassium content in the umangite sample.

3.

RESULTS AND DISCUSSION
3. l.

Tellurobismuthite, Boliden, Sweden:

The isotopic com-

position of krypton and the concentration of 84Kr obtained from the two
samples of tellurobismuthite are shown in Table 1.

The isotopic
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composition of atmospheric krypton [14] is also included for comparison.

A large background at mass 78, possibly due to hydrocarbon

contan1ination in the mass spectron1eter, rendered the 78Kr j84Kr
ratios meaningless and hence this is not reported.

The background at

other mass numbers is negligibly small in comparison to sample signals.

The is atopic composition observed in the samples is very dif-

ferent from that of atmospheric krypton.

In processing the results,

we assume that 84Kr and 86Kr are a mixture of a fission component
from the spontaneous fission of 238u and an atmospheric component.
With this assumption, the fraction of 84Kr which is due to spontaneous
fission, (84Kr)s. f. /(84Kr) 0 bs., can be expressed by the following
equation:

(A)

where the subscripts s. f., obs., and atmos. indicate spontaneous fission, observed and atmosphere respectively.

Since the ratios on the

right hand side of equation (A) are either measured or known values,
the ratio ( 84Kr)

f / (84Kr) b
can be calculated.
s. .
0
s.

From this value

and the spontaneous fission yields of krypton isotopes, the fis sian contribution is calculated for other Kr isotopes.
ous fission yields are used [15]:

The following spontane-

83Kr:(O. 0327 ± 0. 0028)%,

84Kr :( 0. 122 ± 0. 12)% and 86Kr :( 0. 951 ± 0. 05 7)%.

The isotopes, 8 °Kr

and 82Kr, are not formed in any appreciable amount by the spontaneous fission of 238u due to shielding by BOse and 82se.

After
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subtracting the fission component, a correction for the atmospheric
component is made by as sun1ing that all of the remaining 84Kr is due
to atmospheric contamination.

The resultant isotopic composition

after subtraction of these two components is also shown in Table 1.
Both the samples exhibit a clear excess of 82Kr and a small excess of
80Kr.

Further, sample 25.1B shows an excess of 83Kr.

The 80Kr

excess may be attributed to the reaction, 79Br (n, 'Y) 80Br (~-) 80Kr.
From the isotopic abundances [16] and the thermal neutron cross sections [17] of 79Br and 81Br, it is calculated that the formation of 80Kr
and 82Kr by neutron capture reactions on bromine are in the ratio of
3. 6:1.

Using this ratio we find that only 2.1% of excess 8 2 Kr in sam-

ple 25. 2A and only 1. 7% of excess 8 2 Kr in sample 25. lB could be due
to the 81Br(n, 'Y)82Br(~-)82Kr reaction.

Since the magnitude of these

corrections are small and are also within the error limits reported
for 82Kr excess, corrections are not necessary for the neutron capture reactions on 81Br.

Kirsten et al. [18] have cons ide red the pos-

sibility of 78se(n, 'Y) 79se(cx, n)82Kr and 85Rb(n, a:)82Br(~-)82Kr reactions for the production of 82Kr and ruled out their contributions as
unimportant in the selenium samples analyzed by them.

The produc-

tion of 82Kr by the first reaction seems highly improbable due to the
necessity for two successive capture reactions, and the production of
82Kr via the second reaction would be lin1ited by the low Rb content
expected in a hydrothernral deposit of selenides and tellurides.
Kirsten and Muller [8] conclude that the excess 82Kr observed in six

78

different selenium-rich ores is due to f3f3-decay of 82se.
Assuming that all of the 82Kr excesses observed in the tellurobismuthite samples is from the f3f3-decay of 82se and that this decay
product is quantitatively retained over the lifetime of the mineral, the
value of t~f2 can be calculated from the following equation:

(B)

where
T

8 2se

82Kr

=

=

age of the mineral

= number of atoms of 82 Se/g of sample

number of atoms of excess 82Kr I g of sample

The age of the tellurobismuthite has been determined by Kirsten et al.
[ll] to be 1. 56 x 109 years by the U _136xe method.

Using this value

for the age and the selenium content (Table 1) of our samples, we calculate that tf}
2

= (1. 81

± 0. 44) 1020 years for sample 25. 2A and

(2. 75 ± 0. 25)1020 years for sample 25.1B.

The average of these two

values, 2. 28 x 1020 years, compares favorably with the value of

1. 4 x 1020 years reported by Kirsten and Muller [8].

The xenon anal-

yses of these two tellurobismuthite samples, which were carried out
along with krypton analyses yielded an average value of 2. 89 x 10 21
years for ttJ~ [4].

From these two measurements, the ratio of

tiJ~ /tfj is calculated to be ~ 12. 7.
2

Thus the deviation of the relative
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half-lives from the theoretically expected value of 2. 3, as noted
earlier by Kirsten and Muller [8] , is confirmed.
In addition to excess 82Kr, in sample 25. lB, there remains

(2.1 ± 0. 5)10- 13 cc STP/g of excess 83 Kr after subtraction of the spontaneous fission and atmospheric components.

The occurrence of this

product from neutron capture on 82se in the tellurobismuthite from
Boliden, Sweden is of special interest because of the presence of excess 129xe and l3lxe in this and most other tellurium-rich ores [2-4,
5, 7, ll, 18].

The origin of excess 129xe and l3lxe in tellurium ores

is not well understood, since the 129xefl3lxe ratio for the anomalous
component is about four times higher than the ratio expected from
simple neutron-capture reactions on natural tellurium,

From a study of xenon in several different samples of tellurobismuthite,
it has been shown that excess l30xe, 129xe and l3lxe correlate with the
tellurium content, as would be expected if the 129xe and l3lxe were
produced in situ by nuclear reactions on tellurium [ 4] .

In sample

25.1B of tellurobismuthite, the excess 13lxe content is (3. 0 ± 0. 3)lo-ll
cc STP / g and the tellurium content is 46. 7o/o by weight [ 4] .

From the

amount of excess 83Kr in this sample, (2.1 ± 0. 5}lo-13 cc STP/g, the
thermal neutron capture cross-section of 82se, 0. 046 barns [17], and
the Se content given in Table 1, the integrated thermal neutron flux on
sample 25. lB is found to be (ll ± 3) 1 ol2 n/ cm2.

If a-

= 0. 26

barns for

the l30Te(n, y) reaction [17], this integrated neutron flux could produce
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8.1 x 10-ll cc STP excess 131 Xe per g of ore.

Thus the amount of ex-

cess 83Kr in sample 25. lB demonstrates that the integrated neutron
flux on this ore may account for all of the excess 13lxe by neutroncapture on 130Te.

The production of 8 3Kr by the 80se(a, n)83Kr reac-

tion, as suggested by Kirsten and Muller [8] may also contribute to the
production of excess 83Kr.
3. 2.

Umangite, Habri, Western Moravia:

The isotopic compo-

sition of argon, krypton and xenon and the concentrations of 36Ar, 84Kr
and 132 xe obtained for the umangite sample are shown in Table 2.

The

86Krf84Kr, 131Xefl32xe, 134Xefl32xe and 136xefl32xe ratios are
same as atn1ospheric values, suggesting the absence of a spontaneous
fission component.

This is in constrast to the earlier observation of

Kirsten and Muller [8] , where they report a uranium concentration of
490 ± 10 ppm in their umangite sample and an appreciable fission component in both krypton and xenon.

Since the spontaneous fission com-

ponent is absent in our sample, the isotopic spectrum of krypton is
resolved by assuming that all of the 84Kr is due to atmospheric contamination.

After subtracting the atmospheric component, the follow-

ing excesses remain:

82Kr:

(3. 65 ± 0. 23)lo-12 cc STP/g

83Kr:

(1. 63 ± o. 08}lo-ll cc STP/g
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The age of the umangite samples is determined by the 40K_40Ar
method.

If the argon is a mixture of radiogenic 40 Ar and atmospheric

argon [19] , then the radiogenic 40Ar content of the umangite sample is
(6.3 ± 1.3)10- 7 cc STP/g.

This amount of radiogenic 40Ar indicates

a K-Ar age of (246 ± 47)106 years for a potassium content of 600 ppm
(Table 2) if the half-life of 40K is 1. 29 x 109 years and if llo/o of the
40K decays result in the production of 40Ar.

Kirsten and Muller [8]

obtained an U-136xe age of 285 x 106 years and an U-86Kr age of
303 x 10 6 years and also noted that these ages lie within the geologically
expected range (Variscan orogeny, (220-3 50) 1 o6 years).

The 40K- 40 Ar

age obtained by us is in good agreement with the age estimates of
Kirsten and Muller [8] .
For a selenium content of 35.4% (Table 2) and an ore age of

2

(246 ± 47)106 years, equation (B) yields t~j

= (4. 31 ± 0. 84)10 20 years.

This is nearly twice the value calculated for tellurobismuthite and about
three times larger than t~T

2

obtained by Kirsten and Muller [8] for

umangite.
The sample of umangite analyzed by us, as well as the one
analyzed by Kirsten and Muller [ 8] show a very large excess of 83Kr.
Kirsten and Muller [8] qualitatively explain the presence of excess
83Kr as due to neutron capture reactions on 82se and (ex, n) reaction on
80se.

Our sample does not contain appreciable amounts of uranium as

seen from the absence of fissiogenic krypton and xenon.

Thus the

neutrons or alpha particles do not result from in situ decay of uranium
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in the sample.

If the umangite sample has been exposed to a typical

neutron flux of "" 10 neutrons/ cm2 year reported for granitic rocks [20],
the expected production of excess 83Kr from this source is about four
orders of magnitude smaller than the arnount observed.

Thus it

appears that our umangite sample was exposed to an average flux of
""10
131

5

.
2
n/cm year.

Since sorne telluriun1 ores also show a large excess

xe with little or no fissiogenic 136 xe

[7] , it appears that there is a

wide variation in the natural neutron flux on selenium and tellurium
minerals and that the flux is generally higher than that reported for
granitic rocks [ 2 0] .

4.

CONCLUSIONS
The half-life for the 1313-decay of 82se is

(2-4}1020 years.

This

half-life is in agreement with the value reported earlier by Kirsten and
Mi.iller [8] and also in agreement with the half-life of 1022.15 ± 2 years
predicted by Rosen and Primakoff 1 s formula [1] for 1313-decay accomparried by two neutrinos.

The occasion of the decay products of both

82se and BOTe in Boliden tellurobismuthite permits one to evaluate

2

the ratio, tiJ ~ !t~f

"" 12. 7, independently of the ore age.

For the em is-

sian of two neutrinos with 1313-decay, the theoretically expected proportionality of t 112 o: z-2E-10 predicts a value of 2. 3 for this ratio [1]
Nevertheless, each of the measured values of trf2 and ti72 agrees
better with the half -life predicted for double neutr ina em is sian than
with that predicted for neutrinoless 1313-decay.

The large uncertainty
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in relevant nuclear matrix elements in the theoretical calculations for
half-lives makes it seem unlikely that no neutrino emission 1s a viable
explanation for

ti)~!t~Tz

z

12. 7.

Since some selenium and tellurium ores that contain no fission
produced Kr and Xe are found to contain large excesses of 83Kr and
Blxe [7] , it is suggested that the natural neutron flux on these ores
greatly exceeds the average neutron flux reported for granitic rocks

[ 20] .
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TABLE l.

Isotope

Isotopic Composition of Krypton in Tellurobismuthite, Boliden, Sweden

Sample 25, 2A
obs.
obs. - (Fiss. +
Atmos.)

obs.

Sample 25. lB
obs. - (Fiss. +
Atmos.)

Atmos.

80Kr

0. 041 ± 0. 0 0 1

0. 001 ± 0. 001

0. 055 ± 0. 002

0. 015 ± 0. 002

0. 040

82Kr

0. 215 ± 0. 003

o.

003

0. 454 ± 0. 009

0. 252 ± 0. 009

0.202

83Kr

0. 202 ± 0. 002

0. 000 ± 0. 002

0. 234 ± 0. 008

0. 033 ± 0. 008

0.202

84Kr

:::I. 00

=0. 00

=0. 00

=1. 00

86Kr

0.312±0.003

0. 000 ± 0. 004

0.306

013 ±

-0. 001 ±

o.

o.

=1.
003

00

0. 3 13 ± 0 . 0 04

----------------------------------------------------------------------84Kr Content
Se Content

(1. 38 ± 0.11)10- 10 cc STP/g
1.15%

(6. 30 ± 0. 52)10- 12 cc STP/g
1. 55%

00
0'

TABLE 2.

Isotopic Composition of Argon, Krypton and
Xenon in Umangite, Habri, Western Moravia

Xenon

Krypton

Argon

36Ar:

:1.00

8 °Kr: < 0. 04 1

128xe:

o. 098 ± o. 001

3 8 Ar:

0. 18 6 ± 0. 0 0 1

82Kr:

0. 279 ± 0. 003

129xe:

0. 997 ± 0. 013

83Kr:

0. 546 ± 0. 004

13 Oxe:

0. 153 ± 0. 002

84Kr:

=1. 00

131 Xe:

0. 779 ± 0. 009

86Kr:

0. 305 ± 0. 001

132xe:

=1. 00

134xe:

0. 385 ± 0. 002

136xe:

0. 330 ± 0. 003

40Ar: 400 ± 1

------------------------------------------------------------Gas Content in cc ST PIg
3 6Ar:

(6.05±1.21)10-9

84Kr:

(4. 74 ± o. 23)1o-ll

Se Content:

132 xe:

(7. 96 ± o. 74)lo- 12

3 5. 4o/o
o:;

K Content:

600 ppm

--.J
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D.

IODINE-129 IN TERRESTRIAL ORES

Manuscript as published in Science, 173, 327-328 (1971)
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Abstract

Xenon extracted from natural iodyrite (silver iodide) from
Broken Hill, New South Wales, Australia, contains excess xenon-129
from the in situ decay of naturally occurring iodine-129 and excess
xenon-128 from neutron capture on iodine-127.

On the basis of the

amount of radiogenic xenon-129, it is estimated that, prior to the nuclear age, terrestrial iodine contained an equilibrium ratio of iodine129 to iodine-12 7 of between 3. 3 x 10- 15 and 2. 2 x 1o-15.
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The existence of 12 9r in the early history of the solar system has
been established from measurements of the decay product, 129xe, in
meteorites.

Since 12 9r has a half-life of 17 x 106 years, a negligible

fraction (:::::: 10- 80 ) of the original supply of this radioactive isotope would
have survived over the 4. 5 x 109 year history of the earth and the meteorites.
Radiogenic 12 9xe was discovered in meteorites by Reynolds (1)
in 1960 and the I-Xe dating method has since been used to date the formation times of different meteorites
ent parts of a single meteorite

(~),

(~),

the formation times of differ-

and the cooling rates of meteorites

(4).

Although the primordial supply of 1Z9r should now be extinct,
this isotope has been continually produced on earth by spontaneous fission (~), by spallation reactions on xenon in the upper atmosphere (..§_),
and by (n, -y) and (n, 2n) reactions on 128 Te and 130 Te (:~_), respectively.
Since the advent of the nuclear age concentrated quantities of 12 9r have
also been produced on the earth's surface as a fission product of nuclear reactors and weapons.
Purkayastha and Martin (5) have set an upper limit for the ratio
of 129r in natural iodine of> 10-8.

In 1962 Edwards (§) pointed out the

potential utility of 129r for atmospheric or hydrologic tracer studies.
He estimated that natural reactions would result in a steady-state equilibrium ratio of 129r;l 27 r of> 10-14 prior to the nuclear age.

More re-

cently, Kohman and Edwards (~) estimated that natural nuclear
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reactions would produce a present-day marine equilibrium value of
129Ifl27I

~ 2. 2 x 10-12.

They also noted that fallout from weapons test-

ing in the atmosphere mixed with the natural iodine content of rainwater
and aerosols to produce an l29Ifl27I ratio of~ 10-5 to 10-4.
In order to use the present distribution of 129I to follow the
cycle of radioactive iodine introduced by reactors and nuclear weapons,
it is essential to know the abundance of 129I prior to the nuclear age.
Since some terrestrial ores are highly enriched in iodine but contain
only trace quantities of xenon, the amount of radiogenic 129xe present
in old iodine-rich ores can be used to estimate the amount of 129I that
was present when the ore formed.
In this investigation the abundance and isotopic composition of
xenon were measured in gases released by melting samples of iodyrite
(Agi) under vacuum.

The samples were from the Broken Hill district

of New South Wales, Australia.

This region shows evidence of two

periods of metamorphism (..2_), one about 500 x 106 years ago and the
other about 1700 x 106 years ago, but the occurrence of iodyrite is
restricted to the oxidized zone of the ore body.

Although the geologic

age of Broken Hill iodyrite is not known conclusively, Lawrence

(~)

suggested that the iodyrite was formed in the Tertiary period during
an extended period of peneplanation.

This would have exposed the

ore body to the atmosphere and to downward moving groundwater,
which would take up halogen ions.

The halogen compounds were later

concentrated under severe arid conditions which have prevailed in this
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region since late Tertiary time.

According to this view, the upper and

lower age limits of Broken Hill iodyrite would be within the Tertiary
period.
Two iodyrite samples, one weighing 1.133 g (sample 1) and the
other weighing ll. 240 g (sample 2), were used for our analysis.
samples were from the same ore.

Both

Sample 1 was melted in a previously

outgassed molybdenum crucible which was in a vacuum system attached
directly to the mass spectrometer.

The abundance and isotopic campo-

sition of the evolved xenon were measured by mass spectrometry by
comparison with calibrated air spikes.

The detailed procedures for

gas cleanup, analysis, and data reduction are given elsewhere

(~,

J_).

The low amount of the gas observed in sample 1 made it necessary to
repeat the experiment with a larger sample.

Sample 2 was melted un-

der vacuum in a separate vacuum line, and the gases released were
collected on a charcoal finger cooled by liquid nitrogen.

The charcoal

finger was sealed off, attached by means of a break seal to the vacuum
system of the mass spectrometer, and the adsorbed gases were released by breaking the seal and heating the charcoal to

z

200°C.

The total

xenon content of sample 2 was about 30 times that of sample 1.

The iso-

topic composition of xenon from the two samples is shown in Table 1 together with the isotopic composition of xenon in the gas of a deep well

(ll) and in the atmosphere (12}.

Except at masses 128 and 129, the is o-

topic composition of xenon in sample 1 is identical within the limits of
statistical error (± 1 standard deviation) to that of the xenon observed in
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deep gas wells (ll).

However, the xenon in sample 2 is identical to at-

mospheric xenon except at masses 128 and 129.

w·e interpret these ob-

servations to indicate that both iodyrite samples contain excess xenon
at masses 128 and 129, that sample 1 and probably sample 2 contain a
trapped component of xenon which is from deep inside the earth, and
that the higher xenon content of sample 2 is due to a component of atmospheric xenon in this sample.

It seems likely that there was a

larger degree of atmospheric contamination in sample 2 owing to the
use of the auxiliary vacuum system for melting the sample and collecting the gases on charcoal.
The excess amounts of xenon at masses 128 and 129 are indicated
as 128rxe and 129rxe, respectively, at the bottom of Table 1.

The

amounts of 128rxe and 129rxe were computed relative to the xenon from
deep well gas for sample 1 and relative to the xenon in the atmosphere
for sample 2.

The concentration of 12 9rxe is the same in both samples

in spite of the large variation in total xenon content.

This 129rxe is at-

tributed to the in situ decay of 129r that was present with the more abundant 12 7r isotope when the iodyrite formed.

The concentration of 1 2 8rxe

varies by about a factor of 2 in these two samples.

This 128rxe is pro-

bably due to neutron capture on 127r over the lifetime of the iodyrite.
A minimum value of the 129l!l2 7I ratio that was incorporated
into the ore can be obtained by assuming that all of the 12 91 has since
decayed to 129Xe.

This yields an 129l!l27r ratio of> 2. 2 x 10-15 for

sample 1 and of > 2. 4 x 10-15 for sample 2.
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To estimate an upper limit for the 12 9rJ1 2 7r ratio that was incorporated into the iodyrite, it is necessary to estimate a m1n1mum age
for the iod yrite.

An approximate value for the minimum age of the io-

dyrite can be obtained from the amount of 12 8rxe in the ore if the neutron flux rate can be estimated during the lifetime of the ore.

If the

iodyrite was exposed to the typical neutron flux reported for granitic
rocks, ;:;, 10 neutron cm- 2 yr-1 (Q_), then the excess 128 rxe and the thermal neutron cross section of 1 2 7r (;:;, 6. 2 barns) can be used to estimate
the age of the iodyrite samples.
67. 7 x 10

6

This calculation yields an age of

years for sample 1 and an age of 30. 5 x 106 years for sam-

ple 2, in good agreement with the age limits estimated for iod yrite (10).
These ages yield maximum values of the 12 9I/ 127 I ratio incorporated in
the ore:

129r;l27r < 2. 3 x lo-15 for sample 1 and 129rjl27r < 3. 3 x 10-15

for sample 2.
Thus it is estimated that the iodyrite samples formed from iodine with an isotopic composition of 3. 3 x 10-15 > 12 9r; 12 7r > 2. 2 x 10-15.
Since the value calculated for the maximum 1 2 9rJ 127 r ratio depends
critically on the neutron flux assumed, it should be noted that a higher
.
.
f h
.
129 11 127 1
t.
neutron flux would 1ncrease our estlmate o t e max1mum
ra 10.
However, gas loss over geologic time would reduce the content of both
129rxe and 128rxe, and this process would cause minimum errors in the
limit calculated for the maximum

12

9r/

12 7

1 ratio.
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Table 1.

Mass

Xenon in Iodyrite and in the Earth.

Iodyrite
sample 1
(1. 133 g)

Iodyrite
sample 2
(11. 240 g)

Deep well
gas (11)

i\trnosphere
( 12)

Isotope ratios
124

-------

0. 024 ± 0.003

0. 024 ± 0. 0002

126

-------

0. 025 ± 0. 004

0. 022 ± 0. 0002

128

2.23±0.01

0. 49 ± 0. 01

0. 725 ± 0. 003

0. 470 ± 0. 001

129

7.77±0.08

6. 67 ± 0. 11

6. 81 ± 0. 02

6. 48 ± 0. 02

13 0

=1.

: l. 00

00

=l.

00

=l.

00

131

5.41±0.04

5. 43 ± 0. 05

5. 22 ± 0. 05

5.19±0.01

132

6.89±0.07

6.91±0.09

6. 60 ± 0. 05

6.59 ± 0.02

134

2. 76 ± 0. 03

2. 75 ± 0.02

2. 54 ± 0.02

2.56±0.01

13 6

2. 42 ± 0. 03

2. 38 ± 0. 02

2. 16 ± 0. 01

2. 17 ± 0. 02

Gas concentrations (cm 3 I g, STP)
130xe

2.3±0.2xl0-13

7.0±0.6x1o-13

129rxe

2. 1 ± 0. 2 xlo-13

2. 3 ± o. 2 xlo-13

4.0±0.4xlo- 13

1.8±0.2xl0-13
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PART II
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A.

RADIATION EFFECTS IN lZ9I_lZ9xe DATING OF

..

BJURBOLE CHONDRULES BY NEUTRON IRRADIATION

Manuscript accepted for publication in Icarus
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ABSTRACT

By irradiating a sample of Bjurbole chondrules in a "hard" neutron flux, 126xe is produced from 1271 via the {n, 2nf3) reaction and
1Z8xe is produced from 127 1 via the (n,'f f3) reaction.

Stepwise heating

of the irradiated sample shows that the l-Xe record depends on which
xenon isotope, 126xe or 128xe, is chosen as the iodine monitor.

The

pile-produced 126xe is preferentially released over pile-produced
1Z8xe by the low extraction temperatures.

This behavior shows radi-

ation effects may play a major role in generating the low-temperature
correlation of pile -produced 128xe with radiogenic 129xe, which has
been previously attributed to the I-Xe record of slowing cooling.
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I.

INTRODUCTION

The experimental evidence for the now extinct isotope, 129r
(half-life of 17.2 x 10 6 yr.), was first obtained by Reynolds (1960a), 1n
an analysis of the isotopic composition of xenon in the Richardton
meteorite.

The presence of radiogenic 12 9xe, hereafter referred to

. meteor1tes
.
as 129x e r , 1n
has been estab 1"1shed through analyses of various meteorites in different laboratories (Reynolds, 1960b; Zahringer
and Gentner, 1960; Signer, 1960; Clarke and Thode, 1961).

Jeffery

and Reynolds ( 1961) presented further evidence that the 129xer is due
to the radioactive decay of extinct 1 2 9r by the correlated release pattern of 128xe':~ with 129xer from the neutron irradiated Abee meteorite,
where 128xe':' is the product of the 127I(n, -y~) reaction.

The measure-

ment of both 127r and 129xer afforded the means of calculating the time
interval, At, between the cessation of nucleosynthesis and 1 2 9xer retention by the iodine bearing minerals of the meteorite.

The deter-

mination of At has been estimated from the results of analyses for
129xer and 127r on separate samples of a meteorite (Gales and Anders,
1960; Kuroda and Manuel, 1962) and by measurement of 12 9xer and
128xe':' from single samples of neutron-irradiated meteorites
(Reynolds, 1960b).

The values of At obtained by these two methods

are in good agreement, but a refinement in the analysis of neutronirradiated meteorites whereby the xenon is extracted at progressively
higher temperatures has shown that the 1 2 8xe':~ released at low
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extraction temperatures is associated with little or no 129xe r (Reynolds,
1963}.

The xenon released at high extraction temperatures shows a

constant 12 9xer fl 28 xe~:~ ratio which is higher than the 129xer jl28xe>:<
ratio for the total meteorite.

Hence the high temperature sites yield

smaller values of .6.t than are obtained from a comparison of the total
129xer and 12 7r contents of the meteorites.

The values of .6.t estimated

from bulk measurements have been criticized on the basis that quantitative retention of 129xer is assumed, whereas the step-wise extractions of xenon from neutron irradiated meteorites show a constant
correlation of 1 2 8xe~:< with 1 2 9xer for only those iodine sites that have
retained the gaseous decay product of 129r over geologic time (Fish and
Gales, 1962; Reynolds, 1963).

A large number of meteorites have been

studied by step-wise extraction of xenon from irradiated samples, and
the published data for all of the meteorites studied by this method exhibit a common sharp isochron for the high temperature fractions
(> 11 00°C} where the divergence in the values of .6.t for ten different

chondrites is less than 2 x 106 yr. (Hohenberg et al., l967a}.

Further

it has been shown by Hohenberg and Reynolds (1969) that preheating of
the Abee chondrite to 1200°C prior to neutron irradiation does not alter
the sharp isochron observed in the high temperature fractions

(> 1200°C).

.
128
,:,
.
Although the high temperature correlatwn of
Xe w1th

l29xer in Abee was not altered by the preheating, the ratios of

128xe~:~;l29xer in the low temperature fractions were generally higher
in the preheated sample.

Manuel et al. (1968) had earlier suggested
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that the variations in the l28xe':';l29xer ratios in the low temperature
fractions contained a record of the early thermal history of the meteorite s, but Jeffery and Reynolds (1961) attributed the higher
l28x e >!<;129x e r ratios
.
. t h e 1ow temperature fractions to the following
1n
three plausible mechanisms:

i) prior diffusion of 129xer over the long

lifetime of the meteorite, ii) slight surface contamination of the spe cimen by terrestrial iodine, or iii) recoil effects in the (n, 'I) reaction.
Although Manuel et al. (1968) dismissed the three mechanisms proposed
by Jeffery and Reynolds (1961) as not important in generating the high
128 xe':' ;129xer ratios in the low temperature fraction, the only observation cited by Manuel et al. (1968) against recoil effects was the absence
of any recognized shift in the sharp I-Xe isochron due to the displacement of 128xe':' from the high temperature sites.
During the course of determining the l29r_l29xe ages for separated portions of chondrules and matrix material from the meteorite,
Bjurbole, by the neutron irradiation method, we observed both l28xe':'
and 126xe':' in the monitor and in the Bjurbole chondrules.

These two

xenon isotopes are the products of 127r(n, "Yf3) and 127r(n, 2nf3) reactions,
respectively.

This provided us with a chance of determining ~t for the

various temperatures through the experimentally obtained correlation
of 128xe':' vs. 129xer, and 126xe':' vs. 129xer.

Recoil effects from the

irradiation, one of the mechanisms originally proposed by Jeffery and
Reynolds (1961) to explain the low temperature xenon isotopes, can
thus be examined since the 128xe':' and 126xe':' would have suffered
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different recoil effects 1n their production from neutron bombardment
of 127r.

II.

EXPERIMENTAL PROCEDURE

Sample preparation and irradiation:

The chondrules were sepa-

rated from the matrix material of the Bjurbole meteorite by gentle
crushing and hand picking out the chondrules.

A sample of the chon-

drules weighing 0. 670 g was encapsulated in quartz and sealed under
a vacuum of ::::: lo- 4 torr.

This capsule along with four other meteorite

samples and a potassium iodide monitor were sealed in an aluminum
can and irradiated in the flux trap of the 5 Megwatt research reactor
at the University of Missouri, Columbia.

The neutron flux available

at the flux trap was ::::: 3 x 1014 neutrons/cm2·sec and the total irradiation time was : : : 12 hrs.

The sample of Bjurbole chondrule was

cooled for nearly ten weeks after irradiation and before analysis, to
allow for the decay of short lived radioactivities formed by irradiation.
Noble gas analysis of chondrules:

The sample of Bjurbole

chondrules was removed from the irradiation capsule and was loaded
in the side arm chamber of a gas extraction bottle.

The pressure of

the sample system was reduced to ::::: 10-8 torr, the sample was dropped
into a previously outgas sed molybdenum crucible, and the gases were
extracted at successively higher temperatures of 700°C, 900°C,
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l100°C, 1300°C and 1500°C, each temperature maintained for a period
of-::::: 30 minutes.

The heating was accomplished by the use of R. F.

induction heater and the temperature was measured using an optical
pyrometer.
to± 20°C.

The temperature measurement is believed to be accurate
The evolved gases were collected on a charcoal finger

cooled by liquid nitrogen and the gases were purified using Ti foil
heated to ~ 850°C.

The noble gases were admitted into the mass spec-

trometer in the following order:
finally xenon.

helium and neon, argon, krypton and

The separation of the different noble gases was achieved

by selective adsorption of the noble gases on charcoal at different temperatures (Munk, 1967).
type mass spectrometer.

The noble gases were analyzed in a Reynold's
Further description on the method of anal-

ysis, determination of sensitivity of the mass spectrometer and the
method of data reduction are given by Alexander and Manuel (1967).
The results pertinent to xenon isotopes alone are pres en ted in this
paper.
to

z

A blank experiment carried out by heating the empty crucible

1500°C revealed that the xenon evolved from the crucible is negli-

gible in comparison to the xenon evolved from the sample in any of the
temperature fractions.
Potassium iodide monitor:

It was planned to use the potassium

-·- and 126 Xe'''
-·- produced in the
iodide monitor to obtain yields of 128 Xe'''
irradiation via the 12 7l(n,y[3) and the 12 7 I(n, 2n[3) reactions, respectively.

The xenon from the monitor was measured by the isotope

dilution method.

The potassium iodide was heated to -: : : 725°C and
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allowed to equilibrate with :::: 2 liters of air at atmospheric pressure
for a period of

z

3 hours.

An aliquot of this isotopically diluted xenon

was measured mass spectrometrically and found to contain both 128xe':<
an d 126x e ,:< .

However, we have since discovered that xenon from the

monitor does not equilibrate with atmospheric xenon in the mixing time
allowed by us (Alexander et al. , 1969 and 1970).

Smce two previous

xenon analyses on neutron irradiated Bjurbole (Turner, 1965;
Hohenberg, 1968) yield the same high temperature isochron at
129IJ127I = 1. 09 x lo-4 (Podosek,

1970), we have adjusted the

128xe':<;l29xer and 126xe':<;l29xer ratios observed from Bjurbole at the
highest extraction temperatures to fit this isochron in order to look for
differences in the cooling record in the xenon released at lower temperatures.

III.

RESULTS AND DISCUSSION

The isotopic ratios of xenon and the concentration of the reference isotope 132xe are given in Table 1 for the various temperature
fractions.

The amounts of 126xe':<, 128xe':< and 129xer were calculated

from the following equation,

except that an a dd 1.t.1ona1 correc t.1on f o r cosmogenic 126xe was necessary for the xenon released from the chondrules at l100°C, l300°C and
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1500°C.

At other temperature fractions the l26cxe (cosmogenic 126xe)

was negligible.
l24cxeJlZ6cxe

For the correction of 1Z6xe, we used the ratio,

= 0.

58 as given by Hohenberg et al. (l967b), and as-

sumed that the total enrichment in the l24xefl32xe ratios above the
atmosphere was due to a component of 124cxe.

The corrections for

128cx e, 129cx e an d l32cx e are neg 1·1g1"bl e at all temperature fract1ons.
·
Use of AVCC xenon {Eugster et al., 1967; Marti, 1967) as the trapped
component would cause no appreciable change in any of the conclusions
of this manuscript.
Xenon from neutron induced fission would exhibit a high yield
at 136xe due to the high

flux(~ 3 x 10 14 n/cmZ·sec) and the large neu-

tron capture cross section of the l35xe (3. 6 x 106 barns) produced in
fission.

No clear evidence of an enrichment in the l36xe was observed

in any of the temperature fractions, except perhaps at 900°C where
there is a large uncertainty in the 136 xe/ 132 xe ratio due to the extremely small amount of xenon released in this fraction.

Therefore

no correction has been made for a £is sion component in 13 Zxe.

126xe':'jl29xer and 128xe':';l29xer for each temperature of the Bjurbole
chondrules.

It should be noted that all of these ratios decrease with

extraction temperature.

Manuel et al. (1968) argued that the

128xe':';l27r value for the iodine monitor was equally valid for all
· t h e 128xe':';l29xer
iodine sites and concluded that the decrease 1n
ratios with increasing extraction temperature was due to slow cooling
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in the early history of the meteorites.

Since the 126xe':~;l29xer ratios

also decrease with increasing extraction temperature, it appears that
either

126

-·128
,,,
Xe''' or
Xe''' could be used to monitor the iodine content of

the sites degassed at each extraction temperature.

The formation

interval, At, between the end of nucleosynthesis and the onset of xenon
retention by the iodine sites degas sed at temperature, T, can be calculated from the following equation:

(2)

where

T

= 24. 82 x 106 yr., the mean life for 129r, and 13 = 1. 25 x 10-3,

the 129I/ 12 7r ratio at the end of nucleosynthes is (Reynolds, 1963).
should be mentioned that the value of
sumed for nucleosynthesis.

Use of

It

13 is dependent on the model as-

13 values other than 1. 25 x l0-3 will

yield At values differing by a constant from those calculated here but
will not alter the conclusions arrived at in this paper.
In the step-wise heating of irradiated meteorites the values of
At can be obtained for each extraction temperature,

T, by either of the

following n1odifications of eq. (2):

(3)

=

=
where K

128

T

[

ln!3 - lnK 12 6

+

J

ln ( l26x e ':~;129x e r) T

(4)

and K 12 6, the fraction of 127r converted to l28xe':~ and

126xe':', respectively, are assumed to be constant for all values of T.
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The values of K128 and K 12 6 were evaluated from the 128xe':';l29xer
and 126xe':'jl29xer ratios observed in the 1500°C fraction and the
12

9rJ1

27

values reported earlier in the high temperature fractions of

Bjurbole (Turner, 1965; Hohenberg, 1968; Podosek, 1970).

The values

of ~t obtained for each extraction temperature are shown in Fig. 1 in
the manner of Manuel et al. (1968).
From Fig. 1 it can be seen that the apparent rate of cooling exhibited by the 129xer _126xe':' record is slower than the one shown by
129xer _128xe':' record.

Since both of these isotopes, 126xe':' and

12 8xe >:<, are produced during the irradiation from l2 71, and since there
are no other target nuclei which produce these two xenon isotopes in the
irradiation, it appears that the l-Xe cooling rates calculated by Manuel
et al. (1968) may be an artifact of the irradiation.
Two radiation effects, recoil and heating, seem likely candidates to account for the xenon ratios observed at low temperatures.
Our sample of Bjurbole was irradiated at a higher flux than the samples reported earlier (Turner, 1965; Hohenberg, 1968; Podosek, 1970),

apparent cooling rate than that exhibited in the earlier analyses as
shown by Manuel et al. (1968).

Since the recoil energy imparted to

126r by the 127r(n, 2n}l26r reaction is much greater than the recoil
energy given to 128r by the 127I(n, 'Y)l28r reaction, and since the recoil
energy given to 129xe r by the decay of 129r is less than the recoil
energy involved in the production of

126

xe··-,..

or

128

,,,
xe··' it seems that
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recoil effects n1ay have played an important role in generating the
xenon isotope ratios observed in the low temperature fractions of
irradiated meteorites (Jeffery and Reynolds, 1961).
126

Xe

':< 128

I

Xe

':<

.

.

The change in

.

rat1os w1th extraction temperatures, as shown in Table

l, is evidence for the in situ separation of these two xenon isotopes by
recoil effects.
It should also be noted that the xenon released from Bjurbole
chondrules at 1100°C and l300°C does not fit the isochron assumed for
the 1500°C fraction, but previous workers report a con1mon high ternperature isochron for all extraction temperatures above 900oc in samples of the whole Bjurbole meteorite (Turner, 1965; Hohenberg, 1968).
Since neither 128xe':' nor 126xe':' define a good high temperature isochron in our sample of Bjurbole, it appears that radiation effects may
have redistributed both the l28xe':' and 126xe':'.

Further work with

neutron irradiated n1eteorites is in progress to check the radiation
induced effects and their implications on I-Xe dating of meteorites.

IV.

CONCLUSIONS

The I-Xe record of slow cooling shown by Manuel et al. (1968)
may result from radiation effects.

There is clear evidence for recoil

effects in the preferential degassing of 126xe':' over 128xe':< at low gas
extraction temperatures.

Until the radiation effects are better under-

stood, care should be exercised in comparing the I-Xe record of
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separated minerals of a meteorite which might exhibit different radiation effects.

Further work on the 1-Xe dating of neutron irradiated

meteorites is in progress in this laboratory.
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Table I.

Xenon from Irradiated Bjurbole Chondrules and Atmosphere

Atmospheric
Xenon

7000

9000t

Bjurbole Chondrules
llQQO

13000

124xe/ 132xe

--------

--------

0.66±0,01

0. 50 ± 0. 03

0.50±0,01

0.36

126xe/ 132xe

1760 ± 30

160 ± 10

12.5±0.3

2.3±0.1

1. 4 7 ± 0. 03

0.33

128xe/ 132xe

10930 ± 100

39100 ± 1200

5940 ± 30

740 ± 5

559 ± 6

7. 14

129xe/ 132xe

113 ± 1

220 ± 5

298 ± 2

252 ± 1

251 ± 2

98.3

130xe/ 132xe

15.9 ± 0. 2

"' 19

16.5 ± 0.3

13lxe/ 132xe

104. 0 ± 0. 9

341 ± 8

164 ± 1

13Zxe/ 132xe

;; 100

::100

:100

134xe/ 132xe

38.7±0.4

"' 49

38.7±0.3

38.5±0.2.

39.5±0.1

38.8

136xe/ 132xe

32.5 ± 0.2

"' 44

32.4±0.5

32. 1 ± 0. 2

33.4±0.2

33. 0

126xe ':' 1 128 Xe ':'

0. 162

0.0041

0. 0019

0. 0019

0.0010

128xe':'/ 129xer

743

32.1

29. 7

4. 77

3.61

126xe*/ 129xer
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1. 31

0. 0564

0.00911

0.00367

69

1.5
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412

1300

Isotope
Ratios

132xe x I0-13
cc STP/g

15000

16.2±0.1

16.2±0.1

15. 2

105.2±0,3

103. 6 ± 0. 5

78. 8

:100

::100

:100

t Very small amount of Xe was released in this fraction; therefore, amounts of less abundant isotopes may contain
large uncertainties.
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Figure 1
Cooling Curve for the Bjurbole Chondrules

The xenon released at l500°C has been adjusted to fit the isochron of Bjurbole samples as given by Podosek (1970).

a:::

0

0

u
w

a:::

Q)

*
X

Q)

U)

N
~

X

en

N

I

I
I

a:::

0

I

I

I

a:::

Q)

,b

I

I

I

I

I

I

ltJ

I

I

I

I

I

I

0
0

<D

I

ql

0

I

CD

0
0

u
w

I

0
0
0

I

a

C\J

0
0

•
X

I

CD
N

-

Q)

~

X

en

N

v

0
0

D 0

0
0

<D

V

0
0

(\J

0
0

0

f'(')

lO

f'(')

0
0

0

(\J

lO

0
(\J

0

0

lO

0

0

lO

0

-ea::n
<l:

w
><D

0

_J

a::

~
~

w

z

w
~
-~

117

Q)

.......
:;j

'"'

00
......

(..,

118

B.

RELATIVE lZ9I- 129 xe AGES OF CHONDRULES AND
MATRIX OF BJURBOLE METEORITE

Manuscript to be submitted to Geochimica Cosmochimica Acta
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ABSTRACT

Relative 129r_l29xe ages of Bjurbole chondrules and matrix were
measured by analysis of xenon released in stepwise heating of neutron
irradiated specimens.

These two fractions of Bjurbole are contempo-

raneous within 1. 5 million years.
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INTRODUCTION

HOHENBERG et al. (1967) observed that the 129Ijl2 7I ratio 1n
the high temperature minerals of several chondrites was 10-4 at the
time of cooling and suggested that these minerals cooled simultaneously
within 1 or 2 million years.
PODOSEK (1970).

This average isochron was confirmed by

However, he noted differences in the formation

times of various meteorites relative to the Bjurbole chondrite.

In cer-

tain cases even the different parts of the same meteorite were not isochronous, e. g. Pantar dark and Pantar light, and Chainpur matrix and
Chainpur chondrules {PODOSEK, 1970).

Such an observation suggests

that 129I_l29xe dating might establish important differences in the formation times of different parts of meteorites and elucidate details 1n
the chronology of the early solar system.
Preliminary to this study of the 129I_l29xe dating of separated
meteoritic material, ALEXANDER and MANUEL (1969a) analyzed the
total xenon in chondrules and matrix of two olivine-hypersthene chondrites, Bjurbole and Bruderheim.

The Bjurbole chondrite was found to

contain nearly equivalent amounts of radiogenic 129xe in chondrules
and matrix.

This observation indicates that both chondrules and

matrix frorn Bjurbole are suitable for 129I_l29xe dating by the neutron
irradiation method (JEFFERY and REYNOLDS, 1961; REYNOLDS, 1963).
PODOSEK (1970) has previously reported 129I_l29xe ages of separated
chondrules and matrix material from two meteorites, Chainpur and
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Allegan.

The matrix appeared to predate the chondrules in both mete-

orites although the age difference was within the limits of experimental
error for Allegan.

PODOSEK (1970) also noted that previous 129I_l29xe

dating on Bruderheim (MERRIHUE, 1966) indicated a later formation
time of the chondrules than that of a whole sample of Bruderheim.

Use

of the whole Bjurbole meteorite as a reference for determining the relative formation time of various other meteorites (PODOSEK, 1970)
draws further interest to the formation time of different parts of
Bjurbole.

PROCEDURE AND DISCUSSION

Aliquots from an earlier separation made by ALEXANDER and
MANUEL (1969a) of the matrix material and chondrules of Bjurbole
were used in this work.

A sample of nonmagnetic matrix material

(-200 mesh) weighing 0. 5274 g and a sample of chondrules weighing
0. 7823 g were placed in a quartz break seal capsule and evacuated to

< 10- 4 torr.

The samples were then irradiated with three other mete-

orite samples and two Nai monitors in the research reactor at the University of Missouri at Columbia.

The neutron flux at the position of

irradiation was :::: 3. 2 x 1013 neutrons/cm2 sec and the duration of irradiation was :::: 98. 8 hours.

Details of gas extraction by stepwise heating,

the xenon analysis and the method of data reduction have been described
by ALEXANDER et al. (1969b) and ALEXANDER and MANUEL (1967).
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Due to incomplete equilibration of pile-produced 128xe in the monitor
with an atmospheric xenon spike in the isotope dilution apparatus, the
excess 128xe in the samples cannot be used to determine their iodine
content (ALEXANDER et al., 1969b; 1970).

Nevertheless, the xenon

isotope ratios measured in these samples define the relative formation
times of Bjurbole chondrules and matrix.
The ratio of 128xeJ130xe and 129xeJ130xe obtained for temperature fractions > ll00°C are shown in Table 1.

The data obtained for

the low temperature fractions are not relevant for our discussion and
are not included here.

The 130xe isotope, shielded from fission by

stable 130Te, is selected for normalization.

The data for 124xe and

126xe isotopes indicate that no correction for cosmogenic 13 Oxe is
necessary.
The data from Table 1 are represented graphically in Fig. 1.
Both chondrules and matrix fit a common correlation line,

(129xe;130xe)

::::

(0. 89 ± 0. 06)( 12 8xe/ 130 xe)

+

{5. 64 ± 0. 52).

The errors represent one standard deviation from the least squares
line (MARGENAU and MURPHY, 1943).

The close fit of the xenon iso-

topes from the matrix and chondrules to a single line indicates that a
single 129rjl27r ratio was present when these two fractions of Bjurbole
started to retain radiogenic 129xe.

The error on the slope translates

into an uncertainty on the mean formation time of ± 1. 5 x 10 6 years.
Separate least-squares lines fitted to the two groups of points
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represented by the matrix and the chondrules yield slopes of 0. 95 and
0. 93, respectively.
that the

12

9I/
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The close agreement of these two values shows

I ratios, which were incorporated into the matrix and

chondrules when they started to retain radiogenic 129xe, are nearly
the same and not resolvable from our measurements.

Thus both

methods of treating the data demonstrate that the matrix and the chondrules of Bjurbole are contemporaneous within the limits of the
129r_l29xe dating method.
A word of caution of 1Z9I_l29xe dating by the neutron irradiation method is in order.

In a separate study we observed no common

isochron for the various high temperature fractions in Bjurbole chondrules which had been irradiated to nearly 10 19 neutrons/ cmz in a flux
::::: 10 times the flux used here (SRINIVASAN et al. , 1971).

However, for

the irradiation conditions employed in this study of Bjurbole matrix and
chondrules, our results confirm the existence of the high temperature
isochron previously reported in several chondrites (REYNOLDS, 1963,
TURNER, 1965; MERRIHUE, 1966; HOHENBERG et al., 1967;
PODOSEK, 1970).

Additional studies on irradiation effects in this

method of dating are underway in our laboratory.
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Table 1.

Xenon isotope data for the high-temperature fractions in the stepwise heating
of neutron irradiated chondrules and matrix of Bjurbole

Bjurbole Chondrules

Temp.
oc

Bjurbole Matrix
[ 130 xe) x
10-12 cclg

128xe 113 Oxe

129xe 113 Oxe

[ 13°xe) x
10-12 cclg

2.52

4. 15 ± 0. 05

8. 66 ± 0. 05

2. 01

13. 8 ± 0. 1

5.49

7. 73 ± 0. 09

12. 6 ± 0. 1

30.2

9. 73 ± 0. 12

14.5±0.2

3.94

4. 33 ± 0. 04

9.71±0.06

23. 7

1400

13.7±0.2

17.9±0.3

0. 830

3. 74 ± 0. 06

9.40 ± 0.10

12.3

15 00

8.28±0.08

12.6±0.2

0.485

8. 06 ± 0. 04

13. 2 ± 0. 1

8. 71

128xe I 13 Oxe

129xel130xe

1100

11.7±0.1

16. 0 ± 0. 2

1200

9. 10 ± 0. 04

1300

.......
N
0'-

12 7

Figure 1
High Temperature Correlation of 128xefl30xe
with 129xe/13° for Bjurbole

The numerals adjacent to the points represent the gas extraction temperature (°C).
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ABSTRACT
The covariance observed in the isotopic composition of primordial He, Ne and Ar 1n carbonaceous chondrites can be explained on the
basis of simple mass dependent fractionation.
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1.

INTRODUCTION
In a communication by Anders et al. [1] , a correlation of pri-

mordial

3

He/ 4 He ratios with primordial 2 0Ne/ 2 2Ne ratios in carbon-

aceous chondrites is shown and discussed.

In spite of rather large

uncertainties in the values calculated for primordial 3He/4He, they
report the following empirical relationship between primordial
20

Ne/

22

Ne and primordial 3 He/4He (the latter assumed to be midway

between the maximum and minimum values calculated for primordial

Anders et al. [l] cite two objections to the generation of this suite of
primordial He and Ne ratios by mass -dependent fractionation, and conelude that the variations could be produced by nuclear reactions.

Jef-

fery and Hagan [2] had earlier suggested that irradiation of the primitive solar nebula by negative muons might produce isotopic anomalies
of Ne, Kr and Xe.

Anders et al. [l] expand this model to include other

particles (neutrons, protons, etc. ) in addition to muons in order to
produce 3He and 22Ne in the solar nebula.
The irradiation model employed by Jeffery and Hagan [2] and
Anders et al. [1] is intriguing and it is evident that hypotheses of this
nature, which are capable of producing isotopic anomalies of all the
noble gases, may play a prominent role in our understanding the early
history of the solar system.

However, the abundance pattern of noble
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gases in meteorites shows evidence of selective depletion of the lighter
weight gases (3,4], and several authors (3-8] have suggested that the
isotopic composition of the noble gases in meteorites may show variations due to mass fractionation.

Further, recent reports ( 4, 6, 7] show

a covariance in the isotopic composition of trapped Ne, Kr and Xe in
carbonaceous chondrites in the manner expected from fractionation.
In view of the importance of mass fractionation and/ or nuclear reactions in producing isotopic anomalies in all meteoritic noble gases, the
present authors felt it to be worthwhile to reexamine the objections
raised against mass fractionation using the results obtained in Anders'
laboratory from analyses of carbonaceous chondrites.

2.

THE ISOTOPE RATIOS OF HELIUM, NEON AND ARGON
Anders et al. (1] raise two objections to mass -dependent frac-

tionation as a mechanism of producing the covariance of the isotopic
composition of primordial He and Ne in carbonaceous chondrites:

"the

absence of a detectable variation in 36 Arf38Ar [< 5%; Pepin and Signer,
1965], and the constancy of (4Hef20Ne)p in meteorites of widely different 20Nef22Ne (Hintenberger et al., 1965; Mazor et al., 1966, 1969] ."
The experimental data from Anders

1

laboratory on noble gases in car-

bonaceous chondrites were not included in the letter by Anders et al.

(1] , but the results have since been published by Mazor et al. [ 9].

We

have shown in Table 1 the experimental data reported by Mazor et al.
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[ 9] for all meteorites which Anders et al. [ 1] used to demonstrate the
correlation between ( 3 He/4He)p and (2%ef22Ne)p.
In Table 1 the letter pis used to designate primordial gases and
the letter t is used to designate the total amount of an isotope observed
in the meteorite.

The symbol.!_ is used only for 4He which we use

without correction to approximate primordial 4He since the corrections
for radiogenic and cosmogenic 4 He were negligible in most cases, and
the total correction for both never exceeded more than ::::: 25% of the
total 4 He [ 1] .

2. 1. Isotopic Composition of Trapped Argon
Regarding the first objection raised by Anders et al. [1] against
mass fractionation, we note that the primordial 3 6 Ar j3 8 Ar ratios vary
from 5. 81 to 3. 91 in the same analyses which Anders et al. [1] use to
show a covariance of the primordial isotopes of Ne and He.

Further,

it should be noted from the data in Table 1 that there is a general trend
of increasing (36Arf38Ar)p values with increasing (20Ne/22Ne)p values
in the manner expected from simple mass fractionation.
Mazor et al. [ 9] grouped the Ar and Ne ratios for a statistical
analysis, and concluded that the ( 3 6Ar/38Ar)p ratios vary from 5. 3 to
5. 5 with a slight but distinct correlation with the ( 20 Nef22Ne)p ratios.
They considered the variations in ( 36 Arf38Ar)p to be
Ar alone, which must therefore be complex".

11

due to planetary

Previously Signer and

Suess [3] had noted a correlation of ( 3 6Ar/ 38 Ar)p with ( 20 Ne/ 22 Ne)p in
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carbonaceous and enstatite chondrites, but they concluded that additional measurements of high precision would be required before such a
correlation could be established.
It appears that the results shown in Table 1 might be used to

look for a quantitative correlation between the (20Nef22Ne)p and the
(36Arf38Ar)p values.

Following the method of Kuroda and Manuel [4]

in calculating a fractionation factor for the Ne isotopes and assuming
the same fractionation factor for the Ar isotopes, we find that a variation of the (20Ne/ 2 2Ne)p values by a factor 1. 7 (i.e. from 13. 10 to
7. 77) should be accompanied by a variation in the (3 6 Ar j38 Ar)p values
by a factor 1. 4.

In other words we expect from simple isotopic frac-

tionation that the (36Arf38Ar)p values will vary from 5. 81 (the highest
value shown in Table 1) to 4.15.

Since Mazor et al. [9] suspect serious

hydrocarbon contamination of Ar for all (36Arf38Ar)p values less than
5. 0, their Ar data cannot be used to look for the predicted values of
(36Arf38Ar)p < 5. 0 in those meteorites which show low values of
(3He f4He)p and (20Nef22Ne)p.

Nevertheless, it should be emphasized

that even by eliminating the data which show 36Ar f38Ar < 5. 00, there
remains a 15o/o variation in the primordial 36Ar f38Ar ratios.

Thus the

first objection to mass fractionation can be ruled out by examining the
recent Ar data on carbonaceous chondrites [ 9] which show a 15o/o variation in the (36Arf38Ar}p ratios in conflict with the limited variation

< 5o/o cited by Anders et al [1] .
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2. 2.

Covariance in Helium and Neon Isotope Ratios
Concerning the ( 3 He/4He)

p

covariance with (20Nef22Ne)

p re-

ported by Anders et al. [1] , we can calculate quantitatively the relationship expected from simple mass fractionation.
variations in (

20

We find that the

Ne/ 22 Ne)p values by a factor l. 7 should be accom-

panied by a variation in the ( 3 Hef4He)p values by a factor 2. 9.

The

experimental results for (3Hef4He)p as reported by Anders et al. [1]
exhibit a change by a factor 3. 4 corresponding to variations of
3
( Hef4He)p from l. 25 x lQ-4 to 4. 20 x !Q-4.

Thus the observed vari-

ations in the {3 Hef4He) , the (20Ne/ 22 Ne) and the (36Ar/38Ar) values
p
p
p
are in good agreement with the variations expected from mass fractionation for those meteorites studied by Anders et al. [1] .

However

Anders et al. [1] prefer to rule out this possibility and conclude that
nuclear reactions can account for the observed isotopic variations 1n
primordial He and Ne in carbonaceous chondrites.

They consider the

production of planetary Ne by the addition of 22Ne to solar Ne, and the
production of planetary He by the depletion of 3He from solar He.

By

their mechanism, the addition of 22 Ne occurs through the irradiation
of chondritic dust at temperatures high enough to expel directly-produced He and Ne, but low enough to retain 2 2 Na, which decays to 22Ne
after the irradiated material has cooled so it can retain this gaseous
decay product.

Also suggested in their mechanism is the depletion of

3He occurring through one or more of the following processes:

Low

energy neutron or proton reactions, diffusive loss of 3 H (the precursor

136

of

3

He) from metal grains or preferential retention of 3He in silicate.

The possibility of muon induced reactions is also noted by Anders et al.

[ 1] .
Although there is unambiguous evidence for the production of
many isotopic anomalies of noble gases in meteorites by radioactive
decay and cosmic-ray induced reactions, it has been known for many
years that the planetary-type gases show an abundance pattern which
fits that predicted from mass fractionation [3, 11, 12].
3

Since the lower

Hef4He, 2°Nef22Ne and 36Arf38Ar ratios in Table 1 are associated

with lower gas concentrations, and since these isotope ratios covary in
the manner expected from mass fractionation, the evidence considered
to this point suggests that the isotopic variations discussed by Anders
et al. [1] may be due to isotopic fractionation.

2. 3.

Relative Noble Gas Abundances in Carbonaceous Chondrites
The second objection which Anders et al. [1] raise against mass

fractionation is the constant (4Hef20Ne)p ratio in the different meteorites.

Mazor et al. [ 9] also note that both "planetary'' and "solar"

noble gases have almost identical (4Hef20Ne)p values.
existence of a constant (4Hef20Ne)

p

Although the

ratio in meteorites which show

evidence of isotopic fractionation is difficult to understand, we do not
think that the constant (4He j20Ne)p ratios can deny the evidence of a
mass dependent process having caused a preferential depletion of the
lighter noble gases in the earth and in meteorites [3, 10-13] .

Thus, the
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4
20
constant ( He/
Ne)p ratio cannot be considered as a problem isolated
from the overall abundance pattern of the noble gases.

Let us there-

fore examine the experimental data to see if there is any evidence for
a correlation of the isotope ratios and the gas concentrations with the
other elemental abundance ratio defined by (20Ne/36Ar)
shown in the last column of Table 1.

p

values and

A general trend of increasing

creasing gas concentrations is clearly seen.

Although this trend is

suggestive of mass fractionation, a word of caution is in order especially when the ratios of isotopes of different elements such as

noted earlier that although the isotopic composition of a noble gas may
be altered by a simple mass dependent process, the separation of two
different noble gases may not depend on atomic masses alone.

The

data shown in Table 1 reveals a much greater separation of Ne from Ar
than would be required to account for the fractionation seen across the
isotopes of these two gases.

The constancy of the (4Hef20Ne)p ratio is

intriguing and is inconsistent with the idea of fractionation of a single
initial reservoir of gas.

Anders et al. [1] cite this as an objection to

the mass fractionation hypothesis.

But Anders et al. [1] do not explain

the constant (4Hef20Ne)p ratios in meteorites showing various fractionations in the (20Nef36Ar)

p ratios by the occurrence of nuclear

pro-

cesses in chondritic dust at temperatures high enough to expel directly
produced He and Ne.

In view of the absence of quantitative explanation
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of the constant ( 4 He/ 20 Ne)p ratio either by the occurrence of nuclear
processes or by the hypothesis of mass fractionation, we venture to
offer the following tentative explanation for the constant (4HeJ20Ne)

p

ratio.
Assuming that there is no systematic experimental error in the
.
.
.
( 4H e ;zaN e )p ra t.10s, we can 1mag1ne
two mechan1sms
capable of ac-

counting for the data shown in Table l.

(1) There may have been an ad-

dition of gas which is rich in He during the time of separation of Ne
from Ar in the planetary gas.

It ·seems unlikely, however, that this

mechanism would yield the quantitative covariance in the is atopic composition of He and Ne in the manner expected from mass fractionation.
(2)

Alternatively, it appears reasonable to assume that those mete-

orites which have more readily lost noble gases during their lifetime
contain more minerals with low activation energy for the escape of
noble gases.

In general we would expect these minerals to have been

formed at lower temperatures than the minerals with high activation
energy for the escape of noble gases [14].

If low temperature minerals

accreted from solar material containing a higher He/Ne ratio than did
the high temperature minerals, then subsequent gas loss from these
low temperature minerals could decrease the He/Ne ratios to those in
high temperature minerals and at the same time would cause a common
isotopic fractionation of He and Ne.
The second mechanism is rather complex, admittedly, and constancy of (4He j 20N e)p ratio is still a problem for which a satisfactory
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solution may be found by further studies.

3.

CONCLUSIONS
We conclude that the presently available data do not justify the

exclusion of mass dependent fractionation as a mechanism for producing the isotopic anomalies in carbonaceous chondrites.

The overall

abundance pattern of the planetary noble gases seem to fit a pattern of
mass dependent fractionation.

In carbonaceous chondrites the isotope

ratios of He, Ne and Ar, the gas concentrations, and the abundances of
Ne relative to Ar vary in a manner suggestive of mass fractionation.
The constancy of the (4Hef20Ne}p ratio in samples which show a variation in (20Nef36Ar}p ratios is a puzzle which has not been accounted
either by a simple mass fractionation from a single reservoir of gas or
by the occurrence of nuclear processes in the solar nebula.

The con-

tribution to isotopic anomalies by the nuclear reactions suggested by
Anders et al. [1] may become apparent after corrections for isotopic
fractionation.
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TABLE 1.

Helium, Neon, and Argon in
Carbonaceous Chondrites':'

Meteorite

(20 Ne f22Ne )p

( 36 Arf38 Ar )p

4Het

!i

20Nep

!i

( 4 HeJ20Ne)P

(ZONe/ 36Ar)p

Haripura

7. 77

5.13

2,500

8. 2

306

0.269

Haripura

7.97

5. 01

2, 490

7.9+

315

0. 568

Cold Bokkeveld

8.45

3. 91

2,030

7.4

273

0. 631

Cold Bokkeveld

8. 52

4.90

l, 760

7.1

249

0.402

Ivuna

8. 52

5.22

10, 000

33

299

0.363

34

304

0.399

Ivuna

8.83

5. 55

10,300

Tonk

9. 21

5. 44

14, 600

39

377

0.484

Essebi

10. 12

5.43

9,500

22

428

0. 404

Boris kino

10. 22

5.00

12, ooo

47

224

l. 02

Boris kino

10. 35

5.17

11,810

53

255

1.14

Orgueil

10. 55

5. 41

21, ooo

52

404

0.67

Orgueil

10.80

5. 52

18, ooo

47

383

0.60

Pollen

ll. 41

5.32

15' 600

84

186

l. 09

Nawapali

ll. 48

4.19

28,570

124

230

4. 77

Murray

ll. 57

4.97

31, 200

147

212

l. 64

Mokoia

12.42

5.38

94,600

282

336

12. 65

Mokoia

12.48

5.32

99,000

307

323

ll. 67

Nawapali

12.49

5. 28

3 l, 400

171

184

3. 63

Mokoia

12. 60

5.45

107,500

388

277

15. 10

Mokoia

12. 65

5. 81

89,100

348

256

18. 61

Pseudo St.
Caprais

l3. 10

5. 74

115,000

338

340

15. 72

':'Data from Mazor et al. [9].
Sin the units of 10-8 cc STP/g
+Mazor et al. [9] show ZONe as 7. 92
STP/g in Table 3.

X

w-8

cc STP/g in Tableland 20Nepas 17.89

X

lo·8 cc
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A.

XENON AND KRYPTON FROM THE SPONTANEOUS FISSION
OF CALIFORNIUM-252

Manuscript as published in Physical Review, 179, ll66-ll69 (1969)
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ABSTRACT

The isotopic composition of xenon and krypton was measured 1n
aluminum foils which had been exposed to ::::: 1010 fissions of Cf252.
Relative to Xel36, observed yields are Kr83:Kr84:Kr85:Kr86:Xel31:
xel32:xel34:xel36 = 0.010:0.017:0.0049:0.032:0.35:0.52:0.90:1.000.
These results show a higher relative yield at mass 134 and less fine
structure in the 83-86 mass region than reported from energy-versustime-of-flight studies on single fission fragments.

Our results do not

confirm the sharp minimum in the fine structure at mass 136, as suggested from radiochemical studies in the mirror mass region.
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I.

INTRODUCTION

The fission yields of Cf 25 2 have been reported earlier from both
.
h em1ca
. 1 stud"1es 1-3 an d energy-velocity correlations of single fisra d 1oc
sion fragments . 4

The results of these studies do not agree on the fine

structure in the 112-115 and 132-136 mass regions nor on the yields near
mass 83.

In addition to these divergent results, the energy, time-of-

flight experiment shows an unusual shoulder of the mass yield curve in
the 84-86 mass region.
This investigation of the fission yields across the krypton and
xenon isotopes was undertaken to resolve the difference in the earlier
reports and to compare the fission yields of Cf 252 with the naturally occur ring fis siogenic xenon and krypton in stone meteorites. 5-9

Although

the results of this study give no new information on the absolute fission
yields, earlier studieslO, 11 have shown that mass spectrometric measurements of the isotopic composition of krypton and xenon can give
very reliable relative yields at the mass regions in question.

II.

PROCEDURE

Two aluminum foils, 0. 001-in. thick with 0. 75-in. diam, were
exposed to a Cf252 source of approximately l x 10 7 fissions per minute.
About five months after the foils had received an integrated flux of
: : : : 5 x 10lO fissions, they were mounted in a Pyrex extraction bottle
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together with blank foils and the pressure reduced to ""w-9 mm Hg.
The foils were dropped into a previously outgassed molybdenum crucible and melted by radiofrequency induction heating.

After cleaning the

gases on titanium foil at 850°C, the krypton and xenon were released
into the mass spectrometer as separate fractions by selective adsorption of xenon on charcoal at the freezing point of mercury.
of

z

Air spikes

0. 01 cc STP were analyzed by the same procedure to obtain the rel-

ative sensitivities for krypton and xenon and the mass discrimination of
the mass spectrometer.
Reynolds .1 2

This instrument has been described by

The detailed experimental procedure and method of data

reduction have been reported by Alexander and Manuel. 13
The xenon and krypton were corrected for mass spectrometer
memory by extrapolating the peak heights to the time of entry into the
spectrometer.

The errors reported in the isotopic abundances are one

standard deviation (o-) from the least-squares line through the peak
heights as a linear function of time.

The first foil analyzed, No. 237,

displayed relatively large contamination peaks in the krypton region.
Most of this contamination was removed before analysis of the second
foil.

Ill.

RESULTS AND DISCUSSION

The isotope spectra of krypton and xenon are shown in Table I.l
An atmospheric component was computed by assuming that all the Kr

4

82
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and xel29
1

129

8
' shielded from 13 decay by stable Se 2. and 17 -million year

, were of atmospheric origin.

by subtracting this

11

The fission spectra were obtained

atmospheric 11 component from the total spectra.

The larger number of fission products in foil No. 2.45 result from its
exposure to the Cf 252 source for 2.2.3 h compared to 189 2./3 h for foil
No. 2.37.
The correction for this second component across the xenon
spectra was very small and the relative yields from both foils, as
shown in Table ll, agree within the statistical error.
correction for

11

However, the

atmospheric 11 krypton was appreciable, and the relative

yields from the two foils do not agree.

Since foil No. 2.37 contained

less fissiogenic krypton than foil No. 2.45, any error introduced by assuming that this second component has the isotopic composition of normal krypton will be most pronounced in computing the fission yields
from foil No. 2.37.

For this reason we believe that the fission yields

for krypton are more reliable for foil No. 2.45 than for foil No. 2.37.
In Table U the fission yield of Xe 13 6 has been arbitrarily set at
4. 953o/o, the value reported by Schmitt et al.4 for mass 136.

Since all

of the 4. 4-h Kr 85m had decayed prior to our analyses, only the 10. 2. 7year Kr85 was observed.

The yield shown in Table II for mass 85 has

been corrected for the branching decay 15 of Kr 85 m whereby 78o/o of the
Kr85m decays to the 10. 27-year ground state of Kr 85 .
The krypton yields in Table ll are larger relative to xenon than
indicated by the peak heights shown in Table l because the spectrometer
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1s more sensitive for xenon than for krypton by a factor of 4.1 ± 0. 8.
The 20% error due to the uncertainty in the sensitivity for krypton relative to xenon has been tabulated separately since this error does not
apply to the fission pattern across the krypton isotopes taken by themselves.
As noted earlier, the fission yields across the krypton isotopes
are best represented by the values obtained from foil No. 245.

By

setting the fission yield of mass 13 6 equal to the value reported by
Schmitt et al., 4 the fission yield at mass 86 also agrees, within the
error limits, with their value.

However, our yields across the krypton

isotopes are appreciably steeper than reported by Schmitt et al., 4 and
the results from foil No. 245 do not confirm the fine structure reported
near mass 85.

Since any independent yield of ground state Kr85 would

decrease our estimate of the yield at mass 85, it seems unlikely that
we have underestimated this yield by assuming that all of the observed
yield, the ground state Kr85, came from the decay of Kr 85 m.

At mass

83 our results are almost exactly the average of the values reported by
Nervik3 and by Schmit et al.,4 although their values lie outside our
error limits.

Thus, our krypton data confirm that the light-mass peak

of Cf 252 is significantly wider than the light-mass peak of

u 235 .

The

yields from foil No. 245 are compared with previous results in Fig. l.
In the xenon region our results on the yield at mass 131 relation
to mass 136 are in good agreement with the work of Schmitt et al., 4 as
shown in Fig. 1.

However, at mass 132 and mass 134 our yields show
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more evidence of a fine structure as observed in neutron-induced fission of U

23

5.

Early radiochemical studies by Glendenin and Steinberg!

in this mass region and by Nervik3 in the mirror mass region have indicated the presence of this fine structure.

Nervik3 also reported a

fine-structure minimum at mass 112 and suggested that this would be
reflected at mass 136.

Our results do not confirm this minimum.

In

both the xenon and krypton regions, our results are somewhere between
the yield values obtained by radiochemical means and by energy velocity studies on single fission fragments.

Thus, it appears that neither

of these techniques is presently perfected to the point of eliminating the
need for the other.
The fission yields of xenon and krypton from the transuranium
elements are of geological importance because of the possible existence
of these elements in the early history of the solar system.

Studies on

xenon and krypton from stone meteorites have shown an excess of fissiogenic xenon and krypton over that attributable to uranium. 5 -9

Fis-

siogenic xenon was first discovered in the metamorphosed Pasamonte
achondriteS and attributed to the now extinct Pu2 4 4.

Stepwise heating

experiments6 on this meteorite have shown the following fission component, Kr86: Xel31: Xel32: Xel34:xel36 = 0. 028-0.15:0.25:0.88:0.92:

1. 00.

An earlier suggestion that the primitive Renazzo chondrite con-

tains much larger amounts of fissiogenic xenon9 has recently been con-

.
. . .
firmed by stud1es
on severa 1 pr1m1tlve
c h on d r1"t es. 7 ' 8

The composition

. R enazzo 9·lS x13Lx132.xl34.xl36=
of the fission component 1n
e
. e
. e
. e
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0.13: 0.16:0. 72:1.00, and there is more fissiogenic xenon6 than can be
accounted for by the usual estimates of Pu244.

0. 35: 0. 52: 0. 90:1. 00, are intermediate between the two fission components in meteorites except at mass 131, as shown in Fig. 2.

This

pattern suggests that the fissiogenic xenon in the primitive chondrites
may result from a nuclide heavier than Cf 252 and that the excess heavy
xenon isotopes in the achondrites may result from a nuclide lighter
than Cf 2 52, such as Pu244.

Although the man-made nuclides heavier

than Cf 252 have short half-lives, it is not unreasonable that the events
which synthesized our elements were capable of extending the production to the heavier mass region where greater stability is expected.l6
If this were the case, then the mass yield pattern in the primitive

chondrites would result either by direct fission of these heaviest nuelides or by fission of the daughter nuclides produced in the a-decay
series.
It is interesting to note that the Kr86: Xel36 yields from Cf252

are 0. 031:1.00 and> 0. 028:1. 00 in Pasamonte.

Since the yield at

mass 86 appears to decrease more rapidly with increasing mass number of the parent than does the yield at mass 136, the Kr86: Xel36
yields of Pu244 are expected to be as large as the Kr 86 : Xel3 6 yields of
Cfzsz.

Thus, our results on Cf252 do not support the concern of

Hohenberg et al. 6 that the fis sian-produced Kr86: Xe 13 6 ratio in Pas ap u 244 .
.
monte is a factor of 5 higher than expecte d f rom extlnct
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TABLE I.

Nuclide

Observed Peaka

o.

Krypton and xenon from the spontaneous fission of Cf252

Foil Number 237
Atmosphereb

Fissiogenic

Observed Peaka

0. 0724 ±

Kr82

0. 380 ±

028

0. 380 ± 0. 028

i<O. 000

Kr83

0. 655 ± 0. 032

0. 379 ± 0. 028

0. 276 ± 0. 060

Kr84

2.01±0.14

1.88±0.14

Kr85

0.200±0.017

Kr86

1. 45 ± 0. 08

0. 57 ± 0. 04

xel29

l. 04 ± 0. 04

1. 04 ± 0. 04

Xe13°

0.179 ± 0.013

0. 160 ± 0. 006

Xe131

42. 58± 0. 16

0. 83 ± 0. 03

Xe 132

63.0±0.2

1. 06 ± 0. 04

Xe134

107. 7 ± 0. 6

xel36

119.6 ± 0.3

0. 130 ±

o. 28

0. 200 ± 0. 017
0. 88 ± 0.12

o.

0119

Foil Number 245
Atmosphereb

0. 0 7 24 ± 0. 0 11 9

Fissiogenic

i:O.OOO

0.413±0.031

0. 072 ± 0. 012

0. 3 41 ± 0. 043

o. 9 21

0. 358 ± 0. 059

0. 563 ± 0. 13 1

± 0. 072

0. 1 60 ±

o.

007

0.160 ± 0. 007

1. 14 7 ± 0. 0 14

0.109±0.018

l. 038 ± 0. 032

:o. 000

0. 388 ± 0. 04

0. 388 ± 0. 04

:o. 000

0. 019 ± 0. 019

0.071± 0.017

4 1. 75 ± 0. 19

47.58±0.42

0.311±0.03

47.27±0.45

o. 2

69. 76 ± 0. 66

0. 395 ± 0. 04

69. 37 ± 0. 70

0.41± 0.02

107.3±0.6

120.33 ± 0. 90

0.153 ± 0.02

120. 18 ± 0. 92

0. 35 ± 0. 01

119.3 ± 0.3

135. 23 ± 0. 30

0.130±0.01

135. 10 ± 0. 3 1

6 1. 9 ±

0. 06 ± 0. 006

0. 0 11 ± 0. 023

acorrected for mass discrimination
bcomputed by assuming that all Kr82 and Xe129 were atmospheric contamination with isotopic composition from

......
Nier (Ref. 14).

U1
U1

TABLE II.

Mass yields from the spontaneous fission of Cf252.

Foil No. 237

Foil No. 245

Schmitt et al. c

83a

0. 04 7 ± 0. 010 ± 20%

0. 0 51 ± 0. 006 ± 20%

0. 082

84a

0. 022 ± 0. 04 7 ± 20%

0. 085 ± 0. 020 ± 20%

0. 115

85a,b

0. 155 ± 0. 013 ± 20%

0. 1 09 ± 0. 005 ± ZOo/a

0.156

86a

0. 150 ± 0. 023 ± 20o/o

0. 156 ± 0. 006 ± 20o/o

0.148

Mass No.

Glendenin & Steinbergd

Nervike

0. 021

131

1. 73 ± 0. 0 1

1. 73 ± 0. 02

1. 7 18

132

2.57±0.01

2. 54 ± 0. 03

2.329

3.5±0.5

1. 2 7

134

4.45 ± 0.03

4. 41 ± 0. 04

3.493

4. 8 ± 0. 7

1. 84

136

::4.953

::4.953

4.953

aThe first error shown is a statistical error based on variations in the signal.

The second error is due to the uncer-

tainty in the instrumental sensitivity of krypton relative to xenon
bThe yield at mass 85 was corrected for the ~-decay of 78o/o of the Kr85m with a 4. 4 hour half-life (see Ref. 15).
csee Ref. 4.
dsee Ref. 1.

......
\Jl

esee Ref. 3.
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Figure 1
Fission Yields from Cf252

The solid curve shows the fission yields reported by Schmitt et al. (Ref.
4) and the dashed line shows our results from foil No. 245 normalized .at
mass 136 to the yields of Schmitt et al. (Ref. 4).
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Figure 2
Relative Fission Yields of Xenon from Cf252,
Renazzo Chondrite and Pasamonte Achondrite

Renazzo primitive chondr ite (Ref. 9)
Pasamonte achondrite (Ref. 6)
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